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A CLINICAL CONSIDERATION OF ABSCESSES AND CAVITIES OF 
THE LUNG* 
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During the tenure of Doctor Thayer I was a student in this school, and my 
memory of him is vivid and warm. To me he was an exemplar of the finest 
ideals in medicine. It is an unusual honor, therefore to come before you and 
deliver these lectures. 

Among the pulmonary abscesses and cavities of different origins may be 
found many significant similarities and dissimilarities. A comparative study 
of these from the clinical side helps to identify and elucidate mechanisms of 
pathogenesis, some of which may be difficult or impossible to duplicate in 
experimental animals. One resulting advantage obviously is the possibility of 
a better solution of the problems of prevention and treatment. Much of the 
evidence obtained in this way is inferential and circumstantial; its value, as 
such, is great and sometimes unique. The first observation of a phenomenon 
under somewhat peculiar conditions may suggest a hypothetical explanation 
of its occurrence; its repetition under similar conditions and its absence under 
others may strengthen the hypothesis and eventually establish a truth. In 
this manner the clinician often has the opportunity to explore unknown fields, 
to add to our knowledge and to give direction to more exact and controlled 
investigations. In treating his patients he may be obliged by the demands of 
the disease to proceed with information which is incomplete and fragmentary, 
and this lack also is a spur to further investigative effort. 

It has been interesting during many years to observe and attempt to explain 
similarities and differences between two large groups of abscesses and cavities, 
namely, those caused by necrosing nontuberculous bacterial infections and 
those caused by the tubercle bacillus. The incidence of tuberculosis is greater, 
but the nontuberculous lesions are therapeutically more manageable. Today 
the principles of treatment of the two approximate each other more closely 
than they did before specific chemotherapy became available. Prior to this 
new era mechanical collapse of tuberculous cavities by artificial pneumothorax 
or some other means was almost the only recourse when they failed to close 
and heal under rest treatment; thoracotomy and external drainage were to be 
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avoided except in a very few select cases. For the nontuberculous, under like 
conditions, thoracotomy for drainage was considered obligatory and collapse 
therapy was to be shunned. Now, external drainage is seldom found necessary 
for either, collapse therapy for tuberculous cavities is greatly restricted, surgi- 
cal resection is often the choice regardless of cause, and, best of all, the necrosing 
inflammation leading to excavation can be stopped in its tracks more often 
and more surely. These, the most radical changes ever observed in the treat- 
ment of pulmonary cavities, also reflect in their way the play of pathogenetic 
mechanisms. 

In an acute nontuberculous pulmonary abscess due to pyogenic bacteria, a 
striking pathological feature is the rapidity with which necrosis goes on to 
liquefaction and sloughing. There is an earlier phase of coagulative necrosis, 
but this is extremely brief and the abscess usually evacuates itself within a 
week or two; sometimes in several days. In tuberculosis comparable changes 
are relatively very slow. An estimate of the time can sometimes be obtained 
at the autopsy of cases in which an acute extension of the pulmonary disease a 
short time previously may have precipitated the fatal issue, the location and 
extent of the fresh tuberculous pneumonia having been recorded in roentgeno- 
grams immediately after its inception. The precipitating episode may have 
been a sudden and severe hemoptysis. Such studies indicate that coagulative 
necrosis, that is, caseation, may occur in very acute lesions within a few days 
or several weeks; in most cases, however, it is much more gradual than this 
and may proceed slowly during many months. Liquefaction and sloughing 
may follow in acute cases within several weeks or months but these changes 
also are usually delayed for longer periods of time; in fact, the necrotic mass 
may never liquefy but may be more or less transformed by fibrous organization 
and calcification. When there is no liquefaction, the process is not usually 
designated an abscess but rather as a solid caseous focus. Some of the clinicians 
and pathologists of a past generation called it a caseous abscess when liquefac- 
tion sets in and the cheesy contents become creamy. After evacuation, all agree 
on the term cavity. These somewhat confusing distinctions becloud the fact 
that caseation is essentially an early phase of a tuberculous abscess which, on 
evacuation, leaves behind its shell or cavity. Unlike tuberculosis, the non- 
tuberculous necrosing process seldom, if ever, becomes static for long in the 
coagulated phase; liquefaction and sloughing are almost inevitable and these 
events, which in tuberculosis may require many months or years, are com- 
pressed into a few days. These differences in time and dynamics are very 
significant clinically. 

In the descriptive literature of pathology distinctions are often made be- 
tween lung abscess due directly to infection, gangrene due primarily to necrosis 
with supervening putrefactive infection, and the transformation of simple 
pneumonia into abscess or gangrene by superinfection with different pyogenic 








or 
scr 
dri 
de’ 


wi 
ori 
fir 
no 


inf 


loy 








er like 
lapse 
essary 
surgi- 
rosing 
often 
treat- 
enetic 


aria, a 
on to 
crosis, 
thin a 
anges 
tained 
ease a 
n and 
tgeno- 
have 
lative 
7 days 
n this 
ighing 
langes 
: mass 
zation 
sually 
icians 
uefac- 
agree 
e fact 
ch, on 
> non- 
in the 
these 
: com- 
> very 


de be- 
ecrosis 
simple 
ogenic 








ABSCESSES AND CAVITIES OF THE LUNG 229 


or putrefactive organisms. Without doubting the value of the terms to de- 
scribe observed pathologic changes, one may question some of the inferences 
drawn as to causation since, at the bedside, it is seldom possible to find evi- 
dence of such distinctions at the onset or during the early course of the disease. 
Near its fatal termination, however, a variety of secondary changes may occur 
which at this time may be difficult to interpret. For the understanding of the 
origin and early course, therefore, clinical evidence is invaluable. Considering 
first the simple infarcts of the lung caused usually by aseptic embolism, it is 
notable that, despite the necrosis of parenchyma, few of these go on to abscess; 
Levin, Kernohan and Moersch (1) reported an incidence at autopsy of only 
4.2 per cent among 550 cases. Abscess is thought to be due to infection of the 
infarcted tissue with inhaled bacteria. Ischemic necrosis also occurs in con- 
glomerate silicosis of the lungs but this is seldom the seat of a nontuberculous 
abscess; excavating tuberculosis is more common by far. Geever (2), at autopsy, 
found “ischemic cavitation” in seven of 23 cases of conglomerate silicosis; 
the cavities were small and did not communicate with the bronchi. Such 
reports tend to bear out the clinical observations that these aseptic necrotic 
lesions are not often the site of abscesses from superinfection and to support 
the interpretation that the development of an abscess seldom depends on the 
presence of an existing aseptic necrotic parenchymal lesion. The same may be 
said with respect to the usual bacterial and viral pneumonias; with few excep- 
tions they run their course without abscess formation. The inflammation lead- 
ing to abscess usually is initiated by an infection which has a peculiar capacity 
to cause death of tissue; soon after its inception the process is distinguished as a 
necrosing or gangrenous lobular pneumonia. Pathologists find it difficult to 
differentiate the first phases from those of nonnecrosing inflammations; histo- 
logically they may be identical. If the disease is arrested at this point, complete 
resolution may follow. Otherwise necrosis and abscess ensue. 

Clinical features which may be taken as evidence that the chief and primary 
cause of the abscess lies in the kind of infecting organisms are several. As a 
tule there are no prodromal symptoms or other evidence of preexisting pul- 
monary disease. The onset is acute and does not differ from that of non- 
necrosing pneumonia. Within a few days, however, the first deviation from the 
usual course is the expectoration of purulent sputum which may soon become 
profuse; this may contain elastic tissue. In the case of a putrid abscess, the foul 
odor is usually apparent immediately. This foulness cannot be attributed 
solely to necrosis of pulmonary tissue, since there are many examples, such as 
tuberculosis and abscess due to Klebsiella pneumoniae, in which the sputum 
is not foul despite progressive and extensive destruction and excavation. It 
seems clear, therefore, that the organisms responsible for the foulness are 
those which are in fact responsible for the abscess; nonputridity means that 
different organisms are involved. These features are also in line with the con- 
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cept that the organisms involved are primary pathogens, not secondary in- 
vaders. That secondary invasion may sometimes occur cannot be denied but, 
as an important factor, it does not loom up frequently. Perhaps this may be 
credited to the efficiency of protective mechanisms of the upper and lower 
airways guarding against such invasion. When these mechanisms are inoper- 
able, due, for instance, to structural damage of a bronchus, infection from above 
is very common; a familiar example is bronchiectasis. As stated, the discharge 
from a tuberculous cavity is characteristically nonfoul and cultures obtained 
directly from the interior (e.g., by way of thoracotomy) usually do not show 
any growth of organisms other than the tubercle bacillus. However, when 
bronchial drainage is seriously obstructed by tuberculous bronchitis or fibro- 
stenosis, secondary infection of the cavity is to be expected and then the 
expectoration sometimes becomes foul. 

The great majority of nontuberculous abscesses are due to infection of the 
lung by inhalation, and only a relatively few to the lodgment of septic emboli. 
The clinical evidence supporting this view is impressive. With few exceptions, 
embolic abscesses are traceable to obvious septic foci, e.g., osteomyelitis, 
puerperal sepsis or thrombophlebitis in the case of a drug addict who has used 
the intravenous route of injection with contaminated needles. Most often a 
single organism is implicated, such as streptococcus or staphylococcus. As 
stated before, they usually run their course without being putrid in spite of 
extensive destruction of lung tissue. On the contrary, septic foci are seldom 
identified in cases of putrid abscess except in the mouth where varying degrees 
of pyorrhea alveolaris are frequently found. It is well known that these oral 
foci harbor anaerobic and microaerophilic organisms including fusiform bacilli, 
spirochetes, bacteroides, vibrios and cocci, which in symbiosis have been 
demonstrated experimentally to be capable of producing abscesses although 
singly they do not do so (3). We have observed that edentulous people do not 
often have putrid abscesses of the lung, and the same is true of young children 
whe usually are free of pyorrhea alveolaris. Other evidence favoring the 
inhalation mechanism is the relatively high degree of correlation of the occur- 
rence of putrid abscess with temporary or permanent impairment of mecha- 
nisms which ordinarily protect against aspiration. These abscesses frequently 
follow bouts of alcoholic stupor or states of unconsciousness due to epilepsy, 
diabetes or anesthesia, particularly if there is vomiting. They occur more 
frequently in adults than in children and also in elderly people whose gag 
reflex is impaired. Twenty odd years ago one of our resident physicians, 
stealthily in the night, introduced iodized oil into the mouths of sleeping pa- 
tients of various ages. Roentgenograms of the chest the following morning 
revealed the oil in the lungs of some of the adults, sometimes in considerable 
amounts, but not of the children. This suggests that in some people the aging 
process is characterized, among other things, by gradual impairment of the 
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mechanisms protecting the lungs against inhalation infection. While in general 
it may be said that almost all putrid abscesses are due to such infection and 
that nonputridity admits the possibility of an embolic origin, the latter, never- 
theless, is not invariably true. A familiar example of a nonputrid abscess ap- 
parently due to inhalation infection is that caused by the Friedlander bacillus. 
This likewise occurs most often in elderly adults and under other circumstances 
similar to those associated with the development of putrid abscesses. 

While embolic abscesses are often multiple and bilateral, inhalation ab- 
scesses are, with few exceptions, single, unilateral, usually unilobar, and fre- 
quently confined to one segment of one lobe; they may be multilocular at the 
start but most of them break down into a single cavity later. This suggests that 
inhaled material has lodged in some unusual manner. Though age may cause 
some impairment, the protective mechanisms operating through the reflex 
cough, the action of the ciliary apparatus and phagocytosis remain highly 
efficient unless some peculiar combination of circumstances overcomes them. 
Several possibilities suggest themselves. 

An important fundamental factor is the concentration of infection. This was 
well stated by MacCallum (4): “While there is...a great similarity in the 
mode of formation of abscesses wherever they occur, it must be recognized 
that the feature which they have in common is the concentration of the whole 
effect, which not only allows the bacteria to kill the tissue which might resist 
a less concerted attack, but also allows the inflammatory exudate (perhaps 
aided slightly by the ferments of the bacteria themselves) to digest and liquefy 
the necrotic tissue.” We should therefore look for conditions which might 
account for the aggregation of bacteria for this concerted attack on the lung. 
In the embolic abscess the explanation is found in the lodgment in a branch 
of a pulmonary artery of a septic embolus loaded with bacteria which may be 
demonstrated microscopically by staining of the tissue. In the case of infection 
by inhalation, however, the factors are not so easy to recognize. 

That concentration of infection is important may be readily inferred from 
certain clinical observations. The very fact that abscesses due to inhalation of 
infection are usually single and more or less localized is evidential. During its 
evolution such an abscess discharges great quantities of pus through the 
bronchial tubes; much of it is of a thin consistency and some of it inevitably 
must be inhaled into healthy alveoli; yet secondary abscesses due to this 
mechanism seldom develop. The causative organisms are present but they 
appear to be so dispersed in the fluid pus as to be unable to do serious damage 
through a concerted attack. In protracted and chronic cases, some organizing 
pneumonia and fibrosis of surrounding tissue may occur—perhaps a reflection 
of a scattered attack. In these abscesses the infecting organisms are those 
commonly present in the mouth, nose and throat of “healthy” people; here 
they cause little or no trouble. In a sense they are facultative pathogens and 
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usually only mildly so, even in the lungs. By way of contrast, the tubercle 
bacillus may be cited in this connection as an obligate pathogen. Its inherent 
capacity for harm is greater than that of organisms usually implicated in pul- 
monary abscess but this too depends somewhat on its concentration in the 
invaded tissue (5). It causes necrosis and abscess which, when it sloughs into 
the bronchial passages, discharges pus with bacilli and these set up secondary 
lesions of similar character in other alveoli wherever the material is inhaled; 
the secondary lesions frequently go on to abscess and excavation also. Some 
pathogenic fungi may act similarly but not usually so intensely or consistently. 
These contrasts point up the relatively low pathogenicity of many of the 
organisms causing ‘‘simple’’ abscess and indicate that peculiar conditions must 
exist to enable them to exert their baneful effects. 

Among the possibilities which come to mind are the inhalation into alveoli 
of organisms in clumps containing large living aggregates which might im- 
mediately set off the concerted attack, and the existence or creation in the 
pulmonary tissues of conditions unusually propitious for the proliferation of 
organisms after their inhalation. In tuberculosis the initial infection is accom- 
plished usually by the inhalation of a very few bacilli, but these are so patho- 
genic that they are capable, perhaps singly, of inciting a lesion. This is not 
true of the organisms causing most nontuberculous abscesses if the evidence 
mentioned has meaning. A possible explanation of the origin of the concen- 
trated dose necessary to do harm is the heavily infected mouth of many of 
these patients. Inhalation of some of this purulent material through the bronchi 
into the alveoli may convey the necessary dose. Stagnation in the lung may be 
a factor and this may be favored by chilling of the body, preexisting bronchitis 
or alcoholic intoxication, influences which are known to cause a slowing of 
ciliary action. Stagnation is obviously one of the mechanisms in the necrosing 
pneumonia which almost invariably develops distal to the site of an obstructing 
tumor or foreign body in the bronchus. The obstruction of the passage and the 
local damage of the ciliary apparatus leads to edema and the accumulation of 
secretions in distal segments and this is a fertile bed for bacterial colonization. 
The organisms often are the same as those involved in acute “simple” abscess. 
In these poorly ventilated segments conditions are right for anaerobiosis. The 
inhalation of vomitus with bacteria adds to the risk of necrosing pneumonia 
and abscess; the acid gastric contents are very irritating in the lung and may 
cause intense inflammatory edema, also a fertile soil for bacterial growth. 
Obviously, the risk is greater if the patient is unconscious. In this connection 
a significant observation is that the overflow and inhalation of contents of the 
esophagus in cases of cardiospasm, even though it is repeated for a long time, 
does not often lead to acute pulmonary abscess—certainly much less often 
than the aspiration of gastric contents. Our experience is similar to that of 
Anderson, Holman and Olsen (6), who in 10 per cent of 600 cases of cardio- 
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spasm found pulmonary changes usually of an insidious, chronic and fibrotic 
character. The difference seems to be in the chemical composition of the in- 
haled material and whether or not it is highly irritating. 

Such observations imply, of course, that abscesses due to inhalation are 
largely preventable through the elimination of foci of infection from the 
mouth and upper respiratory tract and the avoidance of conditions which 
permit easy inhalation of infectious material and stasis within the lung. In 
actual practice it has been demonstrated repeatedly that such precautions have 
reduced the incidence of postoperative pulmonary complications. 

Experimental evidence of the importance of an aggregation of bacteria is 
reported by Sale and Wood (7) who induced pneumonia in animals, using 
inhalations of pneumococci in some and Friedlander bacilli in others. In the 
former, the pneumococci were found to be widely dispersed in the lesions and 
no abscesses resulted, while in the latter, aggregations of bacilli were observed, 
possibly due to local colonization, and there was a strong tendency to abscess 
formation. It may be assumed on the basis of such evidence that organisms 
have differing capacities to live, proliferate and collect in the pulmonary tissues, 
and this factor may conspire with others when necrosing pneumonia occurs. 
In the frequent putrid type, due to infection with symbiotic anaerobes, little 
is known directly concerning their characteristics of growth and reproduction 
in the pulmonary tissue; this is due to their multiplicity and the difficulty of 
growing them artificially. For these reasons, too, cultures of the sputum are 
usually deficient and unreliable. 

The clinical features of pulmonary abscesses are familiar and attention will 
be given only to several which have not been well explained and may perhaps 
be clarified. It is interesting to consider the signs elicited by physical examina- 
tion. During the early phases of nontuberculous necrosing pneumonia, the 
common signs are dulness, a diminution of the intensity of breath sounds and 
vocal fremitus, and a sparseness of rales. These findings are said by some to 
continue until the abscess breaks into the bronchial passages and evacuates 
itself, when characteristic signs of cavity may begin to appear. Actually this 
is not often the case since, as a rule, precisely the same original signs are still 
elicited. The phenomenon cannot be explained by a deep position of the 
abscess because almost all of them lie close to the surface of the lung and 
usually close to the chest wall. A better explanation is found in the physical 
state of the diseased tissue. This lobe does not have the firmness of pneu- 
monococcal pneumonia, familiarly described as hepatization. It is a wet, 
sodden, spongy lobe, heavy with pus, and undergoing disintegration. Further- 
more, in the early phases there is intense edematous inflammatory swelling of 
the mucosa of the communicating bronchi. These properties interfere with the 
entrance of air into the diseased lobe or segment, which because of the intrinsic 
changes is a poor conductor of sounds generated in the larynx or bronchi; in 
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short, this is a poorly ventilated, poorly conducting pneumonia. More often, 
in contrast, one may speak of pneumococcal or tuberculous pneumonia as a 
well ventilated pneumonia which also acts as a good conductor of sounds. 
These characteristics of the nontuberculous necrosing pneumonia likewise 
explain a familiar x-ray picture in which the diseased lobe is seen to sag at the 
fissure line because of its own weight and lack of firmness: the bulge sometimes 
has been misinterpreted as an interlobar collection of fluid. The roentgeno- 
graphic demonstration of a fluid collection with a horizontal shifting level in 
the early phases of nontuberculous abscesses is also very familiar and is ex- 
plained by the mucosal edema of the bronchi and fragmentation of the 
parenchyma causing obstruction to easy drainage; occasionally a sphacelus 
lies in the cavity and partly blocks the bronchial exit. Fluid levels are seen 
relatively infrequently in tuberculous cavities because the bronchial mucosa 
is not usually so swollen as to cause serious obstruction. In the nontuberculous, 
conditions change as the infection subsides; then the surrounding pneumonia 
resolves, the bronchial mucosal swelling diminishes and the purulent exudate 
easily drains away. As the cavity wall becomes organized with fibrous tissue 
classical physical signs of bronchial and amphoric breathing sometimes may be 
elicited; in other words, the cavity is now well ventilated and a good resonator. 

It is also curious that many large tuberculous cavities do not give rise to 
expected physical signs, since they usually communicate adequately with 
bronchi and drain themselves freely. Here again the answer is not in remoteness 
from the surface of the chest but rather in the character of the wall of the 
cavity. If this is rigid by virtue of surrounding consolidation or fibrosis and 
the interior surface is smooth, conditions are right for the conduction and 
resonance of sound and the classical signs are usually elicited; these include 
consonating rales. However, many tuberculous cavities have thin walls, which 
are soft and flaccid and are surrounded by fairly intact parenchyma. They are 
poor conductors and resonators and have been called “‘silent.”’ Incidentally, one 
should not omit mentioning that, in the case of recently developed tuberculous 
pneumonia, the occurrence of medium-sized or moderately coarse rales is 
always suggestive of necrosis and sloughing; before this phase only fine rales 
are heard. 

The healing of pulmonary cavities deserves some comment, particularly the 
differences observed in the tuberculous and nontuberculous. During the 
natural course of the latter it is fairly common to observe recurrent bronchial 
obstruction attended by exacerbations of fever, aggravation of the pneumonia 
and renewal of the destructive necrotic process with an enlargement of the 
abscess. When such activity finally subsides, one of the first changes to be noted 
in the symptoms of putrid abscess is the loss of the foul odor of the sputum, 
indicating that anaerobic organisms no longer thrive. The quantity of the 
sputum, which on standing forms four layers, diminishes and the lowermost 
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granular layer disappears; finally, after a few weeks, only a few cubic centi- 
meters of mucopurulent or mucoid material is expectorated: this does not differ 
from that arising from mildly infected bronchiectasis. The cavity itself may be 
observed by x-ray to diminish in size, but usually it is only those of smaller 
dimensions (two or three centimeters in diameter) which close in and become 
completely obliterated by scarring. Most abscesses are larger than this and 
do not close completely even though all symptoms, including expectoration, 
subside. At this point, unless the cavity wall has become thick and very 
fibrotic, physical examination does not clearly reveal the situation although 
localized rales usually persist for many months and perhaps indefinitely. The 
wall of the cavity often becomes so attenuated that its detection roentgeno- 
graphically is difficult or impossible; consequently, it is sometimes important 
to obtain roentgenograms after the introduction of some opaque fluid, such as 
iodized oil, in order to delineate the defect. 

In the natural course of the nontuberculous abscess, particularly the putrid 
variety, there is a period of time following the subsidence of all symptoms 
during which residual infection remains latent in the damaged tissue. This is 
judged to last about six months, more or less; during this interval clinical 
relapses may occur. Except for this possibility, the damage is repaired and 
replaced with healthy fibrous tissue; a closed cavity then remains permanently 
healed. A persisting cavity often becomes lined with epithelium growing in 
from the bronchus. The lining may be partial or complete; the epithelial cells 
sometimes are in part ciliated but more often are squamous and nonciliated. 
This latter circumstance may help explain the susceptibility of some of these 
cavities to exogenous reinfection since an intact ciliary apparatus is one of the 
best means of clearing out invading bacteria. Upon reinfection, chronic sup- 
puration may be established. Hemorrhage, which is unusual in large amounts 
in the acute phase, may be profuse as the vascularized fibrous wall of the 
cavity is partly destroyed by the recurrent inflammation. 

The healing of tuberculous cavities differs in several respects and usually is 
imperfect, largely because of the durability of the tubercle bacillus and the 
characteristically slow softening and liquefaction of the caseous focus. Whereas 
in the nontuberculous putrid abscess, sloughing may be followed by a sub- 
sidence of inflammation, better aeration of the cavity and consequent retarda- 
tion of growth of anaerobic organisms, the reverse often seems to be true in the 
tuberculous. It has been shown by a number of recent studies, including our 
own, that tubercle bacilli from surgically resected solid necrotic lesions tend 
to lose their capacity to grow when transferred to artificial culture media or 
into animals after the patient has been treated with effective chemotherapy 
for four to six months or longer; the same effect may be achieved sometimes 
without chemotherapy but this is apparently much less frequent and requires 
much longer time. It has been suggested by Dubos (8) that a deficiency of 
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oxygen within the caseous focus may help explain this impairment of bacterial 
reproductive capacity, and the hypothesis finds some support in the fact that, 
during the natural course of the disease, bacilli can be grown consistently from 
the sputum of patients with “open” and therefore aerated pulmonary cavities; 
even under chemotherapy it has been found that such modification of the 
growth of bacilli from the walls of “open’’ cavities, compared with those from 
solid necrotic lesions, is much less frequent. It is clear, therefore, that free 
bronchial communication with the tuberculous cavity helps to perpetuate the 
infection and thus to hinder healing; completing the vicious circle, the lack of 
healing and the survival of the bacilli leads to bronchial dissemination and 
progressive disease. For similar reasons, lesions may be established through 
surface contamination of other vulnerable structures, such as the larynx and 
intestine. The same paths are open to the discharging nontuberculous abscess 
but, as stated, metastatic abscesses are uncommon in the lung, and surface 
infection of other structures is almost unheard of. The difference is also strik- 
ingly illustrated upon the occurrence of nonfatal bleeding from disrupted 
vessels in the walls of cavities. Even if the hemorrhage is profuse the sequel 
in the nontuberculous cases is, at worst, bronchopneumonia in the flooded 
segments of the lung which usually resolves promptly. In the tuberculous, on 
the contrary, numerous virulent bacilli may be washed from the cavity and 
spread widely; this sometimes transforms the chronic case into one of rapidly 
fatal tuberculous pneumonia, phihisis florida. 

Interference with healing of the tuberculous process, as contrasted with the 
nontuberculous, is also related to the absence of liquefaction or, if this occurs, 
to its slowness and intermittency. The importance of this has been emphasized 
by Medlar, whose concepts and demonstrations of pathology have been of 
inestimable benefit to me. The phenomenon of delayed softening and liquefac- 
tion is one of the puzzles of tuberculosis. Rich (9) has mentioned the various 
hypotheses and theories, the most plausible of which refers to an insufficiency 
of digestive enzymes, either because they are not available at the site or be- 
cause they are inhibited by some antagonistic substances. Sometimes, when the 
caseous mass liquefies, secondary pyogenic infection has been suggested as a 
cause but this assumption is not supported by bacteriological studies (10) of 
resected solid necrotic lesions which are found to be sterile (except for tubercle 
bacilli). While the enclosure of tubercle bacilli in a solid caseous focus, espe- 
cially when it is encapsulated with fibrous tissue may create an environment 
inimical to their survival, it is observed that such a state of healing is imperfect 
and is not comparable, for instance, to the complete fibrous transformation of a 
small tubercle. When relapse occurs, even after many years, this old necrotic 
focus is usually identified as the source and the mechanism is usually to be 
found in the softening and liquefaction of the contained caseous matter and 
the discharge through the bronchi of bacilli which have survived nevertheless. 
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In fact the long observation of patients in whom caseous lesions were com- 
pletely excavated and the resulting cavities were contracted and obliterated by 
fibrosis suggests that the liability of relapse after these events is less than it is 
when sloughing does not occur. At present there is a vogue for excising solid 
necrotic lesions to avert the relapse which might be induced by their later 
sloughing. Could they be sterilized by therapy, surgery would be unnecessary, 
or if their excavation through the bronchi could be accomplished without 
spreading the infection many of the residual cavities might heal completely; 
others might be managed the same as nontuberculous cavities. But, while 
these may be set down as legitimate goals of the future, they are still not 
realities. Until further progress is made the vast differences between forms and 
degrees of healing of nontuberculous and tuberculous abscesses and cavities 
must be recognized because of their great clinical importance. 

This clinical excursion into some of the features of pulmonary abscesses 
and cavities indicates a few of the vantage points from which these processes 
may be viewed side by side and in perspective. Comparisons, especially of the 
tuberculous and nontuberculous, help to explain the meaning of similarities 
and differences and to define a rational approach to prevention and treatment. 
Such studies are also a great stimulus to one who is inclined to ponder and 
explore the unknown. 
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INTRODUCTION 


It has been shown that in monkey, cat and rabbit (22, 26) the region of the 
thalamus activated by tactile stimulation of the body surface is virtually 
coextensive with the ventrobasal nuclear complex.” In all these mammals the 
body of the animal is represented in an orderly sequence, so that each small 
nuclear segment receives nerve fibers which are activated by stimulation of a 
definite and restricted portion of the body. If all such segments are combined 
a tactile representation pattern of the entire contralateral body emerges which 
fills the ventrobasal complex completely. 

With the large electrodes used in the previous studies (21, 22, 26) the most 
stable component of the evoked thalamic response is a monophasic (positive) 
deflection. It was concluded that this response consists of summed action 
potentials in nerve fibers of the afferent tactile pathways reaching the thalamus. 
The evidence available suggests that a large electrode (50 to 100 u exposed tip) 
produces a severe anoxia or actual destruction of the nerve cells along its 
track. For this reason it is unsuitable for the study of the activity of the 
thalamic cells themselves. Yet a knowledge of this activity is an obvious pre- 
requisite for an understanding of the organization of the somatic sensory inflow 
which is destined to reach the cerebral cortex. 

We have therefore undertaken a study of the activity of single neurons in 
the tactile thalamic region, using the microelectrode technique. With the 
electrode we have used it was often possible to record the discharges of a 
single nerve cell for several hours, and to gather material suitable for a quanti- 
tative analysis. Most of the material pertains to responses caused by mechani- 
cal or electrical stimuli delivered to the body surface. The stimuli were varied 
in intensity, frequency, and the locus of their application. Some of the results 
have already been described briefly (23, 27). 


1 Aided by a grant (B-357) from the National Institutes of Health, United States Public 
Health Service, Department of Health, Education and Welfare. 

? The ventrobasal complex displays a distinct architectonic structure in all forms studied. 
It is morpholegically almost uniform in the rabbit and consists of two components in cat 
and monkey. In the cat the arcuate and external components of the complex correspond to 
n. ventralis posteromedialis and n. ventralis posterolateralis of Jimenez-Castellanos (14). 
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In this report we shall deal with the response of single neurons to a transient 
peripheral stimulus. In a second paper (24) we shall consider the response of a 
cell to a train of peripheral stimuli, the forms of tactile sensation with which 
the units studied are concerned, and the spatial distribution within the ventro- 
basal complex of the various types of neurons encountered. 


METHODS 


Experiments have been performed on 35 cats. Sodium pentobarbital was the anesthetic 
employed, given in quantities sufficient to maintain the animal in a state of areflexia. The 
body temperature was maintained between 36° and 38°C. The head of the animal was held 
in a stereotaxic instrument. The first somatic sensory cortical areas were visualized on both 
sides and the cortex exposed sufficiently to allow access to the ventrobasal complex in proper 
coordinates. The superficial cortical layers of the lateral and suprasylvian gyri were removed, 
for this greatly reduced electrode breakage during insertion. Such removals were readily 
made without affecting responses recorded from the somatic sensory cortex. 

In the first nine experiments 2 to 6 uw glass micropipettes filled with saline were used. 
Later, a metal-filled microelectrode (6) was used exclusively and all records shown were 
obtained with this electrode. The electrode is a glass micropipette with a tip of 2 to 4 yu. 
The pipette is filled to the tip with indium and upon the indium surface gold and then 
platinum black are deposited electrolytically. The electrode was advanced through the 
cortex and into the thalamus by a microdrive with which movements of 10 uw could be 
made with accuracy. 

The recording system consisted of a four stage capacity coupled differential amplifier 
of 0.5 megohm input impedence. The first 30 experiments were done with the frequency 
response of the amplifier flat to 3000 cps. In the remaining experiments this curve was flat 
to 10,000 cps. The overall time constant of the system, with the electrode in place, was 
about 30-50 msec. The output of the amplifier was led to an oscilloscope (two beam Dumont 
CRO model 279), and photographic records were made with a Grass Kymograph camera. 
The signals were also fed to a loud speaker for auditory monitoring. 

The following forms of stimulation were used: 

(a.) Electrical stimulation of the skin, through a pair of small needle electrodes which were 
thrust into the skin; interelectrode distance 1 to 2 mm. 

(b.) Air jets of variable intensity; available frequencies were from 1 to 100/sec; duration 
of each stimulus was about 4 msec. 

(c.) Mechanical stimulation of the skin by a brush, or of deep structures by a bar, attached 
to an electromagnetic device. 

(d.) Electrical stimulation of bare nerve trunks. 

When electrical stimulation was used, four stimulation channels were available. Overall 
governing delay circuits permitted flexible sequences of stimulus intervals, sweep recurrence 
rates, etc. 

At the conclusion of an experiment the animal was, with few exceptions, perfused with 
10% formalin and the head suspended in the same solution. After proper fixation the head 
was placed in a stereotaxic instrument and the brain blocked along stereotaxic coronal 
planes with a knife attached to the electrode carrier. The block containing the thalamus 
was embedded in paraffin, sectioned at 20 uw and stained with thionin. Every section was 
mounted. The points along electrode tracks at which recordings were made were determined 
by techniques previously described (25, 26). 
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In regard to the statistical treatment of the material the following may be stated. When 
ever error of the mean is given the error is the standard error of the mean. The terms “highly 
significant,” “‘significant,”’ or ‘‘probably significant’’ when applied to the differences between 
the means indicate a probability smaller than 0.001, 0.01, or 0.05 respectively that as large a 
difference between the means could have arisen due to chance. 

The sizes of the samples for different computations vary, even if they pertain to the same 
unit. This results from the fact that some measurements (like counting spikes) can often 
be made from the tube face of the oscilloscope while all other measurements have to be 
made from photographed records. Further, since records of the same unit were often taken 
at various speeds of the cathode ray trace, the number of records available for reliable 
measurements differs depending on what is being measured. All measurements were made 
on the enlarged images of the projected records. From the records available an occasional 
one was excluded from all measurements. This was done for various reasons, the usual 
heing that the record was considered to show both a spontaneous and an evoked discharge. 
Whatever the soundness of such judgements may be it should be stressed that the total 
number of such omissions was always quite small. Thus from almost 1700 records available 
for measurements of the intervals between the spikes only 23 were excluded from measure- 
ments. The proportion of the excluded records was still smaller for all other measurements. 


I. GENERAL REMARKS 


When the electrode enters the ventrobasal complex there almost invariably 
appears against a background of neural noise a number of unitary discharges® 
which can be driven by tactile stimuli. These discharges are initially negative 
in sign and range greatly in their amplitudes. Even with a relatively small 
electrode (2 to 3 uw diameter of the recording surface) there are, as a rule, 
potentials of more than one unit recorded at the same time; the amplitude of 
the spikes tends to decrease sharply as time passes. 

Occasionally, however, one of the initially negative unitary potentials sud- 
denly displays an initially positive deflection, which, within a few seconds, 
grows to an amplitude of 500 microvolts (uv) or more. The negative phase of 
such an initially positive discharge may be about equal to the positive phase 
but at times the negative phase becomes small or disappears completely. On 
other occasions an initially positive spike appears without this sequence of 
events. In either case its appearance is accompanied by the disappearance of 
other negative spikes (if present) and by a marked diminution of neural noise. 
Conversely, the loss of an initially positive unitary potential is followed by the 
return of neural noise and often by reappearance of some negative spikes even 
though the electrode is not moved. 

Once a unit which discharges initially positive spikes is isolated and persists 
without change for a few minutes, it tends to persist for 1 to 2 hours and 
occasionally even much longer. Since the initially positive spikes are usually 
recorded in complete isolation, and since they can be studied for a long time, 


‘The terms “unitary potential,” “unitary discharge” or “‘spike”’ are used interchangeably 


throughout this paper to indicate the conducted action potential of a single neuron. 
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most of the records to be shown are those of such discharges. Any studies on 
initially negative spikes are by comparison always quite limited. Nevertheless, 
our data on both types of discharges are sufficient to state that none of the 
response properties described below are uniquely dependent upon the initial 
sign of the spike. The site of the recording of the initially positive spike is of 
interest. It seems certain that it is not recorded from an intracellular position 
of the electrode, because on rare occasions two initially positive unitary po- 
tentials may be recorded at the same time. Furthermore, the amplitude of the 
spike is often quite stable over a long time. Considering that the electrode tip 
is large in relation to the size of the cells in the ventrobasal complex, it would 
be difficult to conceive how a stable discharge could be maintained by a cell 
over a period of some hours, if it had been virtually split by the electrode. 

A positive statement, however, in regard to the recording site is difficult 
to make. It is simplest to assume that the positive spike is recorded extracel- 
lularly, but in close proximity to the cell, perhaps by an impingement of the 
recording surface on the cell body itself. Such an impingement could be expected 
to be a relatively rare event, and this expectation fits well the frequency of 
observed “hits.” It would make it easy to understand that the recording surface 
is usually relatively insulated from its surroundings, and it would account for 
two positive spikes being recorded simultaneously, since one could expect the 
electrode tip to become occasionally wedged between two cells. Finally, some 
damage to the surface of the cell could account for the initial sign of the spike 
and since no penetration is postulated the stability of the discharge is under- 
standable. Whether or not this particular interpretation is correct is inconse- 
quential for our considerations, since the only assumption which matters is 
that the discharges recorded were in fact discharges of thalamic neurons. This 
assumption appears imperative in respect to most (though not all) of the units 
in our material, since the latencies of the spikes and the characteristics of the 
other potential changes which may accompany them make it difficult to con- 
ceive that it could be otherwise. Hence, no consideration will be given to the 
alternative interpretation which is that the unitary potentials might have been 
recorded from axonic terminals reaching the thalamus. It may be pointed out, 
however, that even if this latter interpretation should eventually prove the 
correct one, the conclusions drawn in this paper would usually apply without 
major change to the synaptic region containing the cells of origin of such axonic 
terminals. 

II. RESPONSES ASSOCIATED WITH UNITARY DISCHARGES 

While unitary discharges are the main subject of this paper a brief descrip- 
tion of the responses which may precede or accompany the spikes will be given 
first, since such responses will be seen in the records and since it is convenient 
to refer to them at different times while describing the discharges of single 
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units. The description applies only to those potential changes which accompany 
the initially positive spikes, since only those were studied in detail. 
1. The presynaptic complex 
The first event in time is an initially positive complex identified as ps in 
Figures la and 1b. The complex consists often of a single deflection but it 


may consist of a double wave or even of several small deflections. The clarity 
with which it is recorded varies greatly with different units but its very presence 
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Fic. 1. Downward deflection is positive in all records. Potentials shown in this and all 
other figures were evoked in the ventrobasal complex of the thalamus in deeply nembutalized 
cats, by stimulation of the contralateral side of the body. Electrical stimuli were delivered 
through a pair of needle electrodes thrust into the skin. Time lines are given in cycles per 
second (cps). The number which follows the letters Tm identifies the experiment, the number 
in brackets identifies the unit studied extensively during a given experiment. ar = Stimulus 
artefact, ps = presynaptic complex. St = stimulus strength, t = threshold intensity. 
la. Tm 16(8). Electrical stimulation of the skin around 2nd digit, forepaw. St = t. Mean 
latency to the presynaptic complex = 8.3 + 0.03 msec. Mean latency to the first spike = 
12.6 + 0.29 msec. 1b. Same unit, same position of the stimulus. St = 5 X t. Mean latency 
to the presynaptic complex = 7.3 + 0.01 msec; Mean latency to the first spike = 8.5 + 
0.1 msec. Amplification is the same in both records. Note that the unit discharges repet- 
itively. 
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in most of the records appears indisputable. We interpret the entire complex 
as the sign of presynaptic activity reaching the unit, and we shall refer to it 
as the presynaptic complex or wave because the latency of the event is, as 
far as can be judged, comparable to the latency of the positive deflection re- 
corded with a gross electrode in the ventrobasal complex. Furthermore the 
recovery of this complex is, as will be shown (24), much faster than the re- 
covery of the unitary discharges. As far as we were able to determine the com- 
plex appears only once per discharge train of unitary potentials; its beginning 
precedes the first spike of the train. However, the time which elapses between 
the beginning of the presynaptic complex, and the first discharge of a unit 
may vary considerably and the strength of the stimulus may be instrumental 
for this relationship. Thus, in Figure 1 unit Tm 16(8) is shown responding to a 
stimulus at threshold and to one 5x threshold. At threshold intensity the mean 
time which elapses between the beginning of the presynaptic complex and the 
first spike is 4.3 + 0.29 msec., while at 5x threshold this time is only 1.2 + 
0.12 msec. We shall consider the implications of such findings later. Here we 
wish to stress that it is only the presynaptic complex which has such a relation 
to a unitary discharge. 
2. The prepotential 

The second potential, when it precedes an initially positive spike, is also 
initially positive. With many units the separation of this deflection from the 
presynaptic complex or from the spike itself is a matter of interpretation. In 
many others, however, there is no doubt that the prepotential is a separate 
event. It seems likely that the prepotential appears or becomes apparent when 
the mechanical pressure on the recording site is increased. Whenever the pre- 
potential is clearly seen every spike is preceded by it and the spike arises at 
or near its peak. Furthermore, the size of the prepotential is probably not sub- 
ject to continuous gradation. In Figure 2 the discharges of unit Tm 23(5) are 
seen evoked by a brush stimulus. A spike does not follow every stimulus. 
Whenever it does so it arises from the peak of a positive deflection which repre- 
sents the prepotential (pp). Figures 2b and 2c show the discharges of this unit 
at faster film speed. In 2b the stimulus artefact (ar) is followed only by the 
presynaptic complex (ps); in Figure 2c the presynaptic complex is followed by 
the prepotential (pp) at the peak of which there arises the spike. Among 297 
photographs (at high film speed) there is none which shows a spike without the 
prepotential and every spike arises at its peak. Photographs of well over 3000 
discharges of this unit (at slower film speed) support the conclusion that both 
these facts hold true for every discharge photographed. 

Whether the deflection identified here as prepotential is of the same nature 
as that identified by Katz (15) as occurring at the sensory nerve endings in 
muscle spindles is uncertain. However, it is of interest that the prepotential 


244 JERZY E. ROSE AND VERNON B. MOUNTCASTLE 





Fic. 2a. Tm 23(5). Brush stimulus to the 5th claw, forepaw. Stimulus rate = 40/sec. 
The presynaptic complex (ps) follows this rate of stimulation. The prepotential (pp) can 
be evoked without a spike. The spike arises near the peak of the prepotential. (Stimulus 
artefact not seen.) 2b. The same unit at faster film speed. Electrical stimulation of the skin 
around the 5th claw. St = supramaximal. Stimulus rate = 40/sec. Stimulus artefact (ar) 
is followed only by the presynaptic complex (ps). 2c. The same unit at the same film speed 
as in Figure 2b. Stimulus artefact followed by the presynaptic complex, the prepotential 
and the spike(s). Time line in c for records b and c. 


observed by him was also not subject to continuous gradation. It thus differs 
materially, as noted by Katz, from the end-plate potential and from the local 
cathodic response of nerve. 
3. The negative wave 

The third potential associated with spikes is a slow negative deflection. 
Although this deflection is known to occur in every synaptic region whenever 
small extracellular electrodes are used for recording, its origin is still uncertain. 
Since we do not possess new information concerning it, we shall not consider 
it further except to state that under our recording conditions the negative 
wave is of relatively small amplitude. It is seen best when strong stimuli are 
applied (Fig. 3). 
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Fic. 3. Tm 18(3). Brush stimulus to the large pad of the forepaw. The unit discharges 
repetitively. Note the slow negative wave (n) the course of which is partly traced by the 
peaks of unitary discharges. Deflections of the stimulus artefact indicate the length of the 
electrical pulse which energized the armature carrying the brush. 


III. DISCHARGES OF SINGLE UNITS 
1. Repetitive discharge of a single unit 


After isolation of a unit and determination of the peripheral locus the 
stimulation of which will drive it, it is commonly seen that a single natural 
stimulus (e.g., a displacement of a few hairs by a brush, a short puff of air 
applied to the skin) or a short electrical pulse applied to the receptive skin 
area will usually evoke not a single spike, but a train of unitary discharges. 
The duration of the electrical pulse used in most experiments was 0.2 to 0.5 
milliseconds (msec.). However, repetitive trains will also commonly occur if 
the pulse duration is only 20 to 50 microseconds (ysec.). 

Figure 4 shows typical responses of 6 different units. While unit Tm 26(4) 
(Fig. 4a) often discharged but one spike, this was not the case with the other 
units (Figs. 4b to 4f) which regularly discharged a train of 2 to 7 spikes in 
response to a single peripheral stimulus. 

It is apparent that even though the spikes in a train are of the same order 
of magnitude they are clearly not identical in height. The first spike is the 
largest and the second tends to be the smallest in each train, whereas the third 
and the following ones usually gain successively in height, approaching finally 
the magnitude of the first spike. 

It can be shown in each case that the discharges are always all-or-nothing 
phenomena. Since, however, they are unequal in height proof is needed that 
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Fic. 4. Each pair of records shows responses to identical stimuli. Amplification and 
time line are the same for each pair. All units were activated by electrical stimulation of the 
skin. Stimulus artefact (ar) is seen in all records except in the record to the right in Figure 4f. 
4a. Tm 26(4). Ist digit, forepaw. St = 3 X t. 4b. Tm 32(5). Upper thigh. St = 2.9 x t. 
4c. Tm 27(6). Dorsal surface of the forepaw. St = 2.5 x t. 4d. Tm 26(6). Skin, Ist digit, 
forepaw. St = 3 X t. 4e. Tm 28(2). Wrist. St = 2 x t. 4f. Tm 27(4). Skin of foreleg. 
St=14 Xt. 
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despite this finding trains such as those shown in Figure 4 (which are typical 
for our units) are in fact in each case discharges of the same single unit. We 
shall not present here a detailed proof of this statement, for to do so would 
require presentation of the entire material with this point in view. We shall 
only state those characteristics of the trains which justify such a conclusion; 
its correctness will be apparent from the perusal of all our records. 

Thus, firstly, the discharges in a train do not interfere with each other; 
secondly, the latencies of the discharges in a train are dependent on the latency 
of the first spike. While the latency of the first discharge can often be shifted 
over a relatively large range, the spacing of the discharges varies only within 
very narrow limits; thirdly, even though the spike amplitudes of different units 
may be very different, the amplitudes of the discharges in a train are closely 
related to the amplitude of the first spike, typically as shown in the sequences 
in Figure 4; fourthly, in a spontaneous burst the discharges which constitute a 
train never occur independently of each other; fifthly, whenever the number of 
spikes in a train can be changed—and this will be shown to be possible—the 
discharges in a train are always influenced in a regular manner. If a number 
of spikes in a train increases or decreases, with changes of intensity of the 
stimulus, the spikes appear and disappear from the end of the train, never 
from its middle. 

It is apparent then that a train of spikes which complies with all those facts 
cannot possibly be due to the firing of a number of independent neurons. The 
assumption that such a train is due to one unit firing repetitively seems the 
only one which fits the observed facts in a straightforward fashion. 

It seems justifiable to proceed on the assumption that the repetitive trains 
are normal events in the synaptic region investigated. Evidence will be pre- 
sented in the sections which follow that the number of spikes in a repetitive 
train is a stable characteristic of a unit under a given set of conditions, and 
that this characteristic can be changed by a number of physiological means. 
Nevertheless, these observations do not directly establish that such repetitive 
trains are indeed normal, since it has been known for a long time that whenever 
a nerve fiber or cell is severely injured a prolonged repetitive injury discharge 
may result. The contrasting properties of such injury discharges and of those 
stable repetitive trains which we assume to be normal will be considered in 
the discussion. 


2. The modal value of a repetitive train 


As we have stated, a single peripheral stimulus whether natural or electrical 
will usually cause the same thalamic neuron to fire repetitively. The first 
question to be considered is how variable such a discharge train will be if an 
identical supraliminal stimulus is repeatedly applied at intervals great enough 
to exclude the influence of the previous stimulus. 
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Number of spikes per response 


Fic. 5. Number of spikes per response graphed against the percentage of responses with 
the stated number of spikes. Although the values on the abscissa are always integers the 
points belonging to the same distribution are connected by lines to aid the eye. Typical 
distributions. N = number of responses upon which each graph is based. Locus of peripheral 
stimulation constant for each unit. All units activated by electrical stimulation of the skin. 
Tm 34(1)—2nd toe, hindfoot—St = supramaximal. Tm 32(2)—Lower abdomen—St = 
supramaximal. Tm 32(5)—Upper thigh—St = 2.9 x t. Tm 32(6)—Ankle—St = 5.7 x t. 
Tm 27(2)—Wrist—St = t to 3.2 x t. Tm 28(2)—Wrist—St = 1.2 x t to 4 X t. Note 
that most responses in each series do not differ by more than one spike from the modal 
value. Responses of units Tm 32(5) and Tm 28(2) are shown in Figures 4b and 4e. 


Figure 5 shows graphs pertaining to 6 different units. The number of spikes 
per response is plotted against the percentage of occurrence of such responses. 
It is seen that whereas the number of spikes per response varies from 1 to 6, 
for different units, this variability is quite restricted for each individual unit. 
For each unit the number of spikes per response which occurs most frequently 
can be used to predict the number of spikes to be expected in any other re- 
sponse, for most of them do not differ by more than one spike from this value. 
Since statistically the most frequent value is the mode we shall speak of the 
mode, or the modal value of a repetitive train, understanding by this expression 
the number of spikes per response which occurs most frequently in a population 
of responses evoked by an identical stimulus. 

Thus, the 6 units considered discharged at different modes. The units chosen 
for graphing show distributions most frequently seen. These distributions tend 
to be sharply asymmetrical around the mode and appear very much alike 
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regardless of the absolute modal value. Each series displays one paramodal 
value which differs by + one spike from the mode, and which together with 
the mode defines the number of spikes per response in about 90 per cent of all 
responses in each series. The curves in Figure 6 show distributions seen oc- 
casionally. The paramodal value, which for all the units graphed in Figure 5 
occurred in a considerable percentage of all responses, may occur less fre- 
quently, and with some units this value may be very small. Two such dis- 
tributions are shown in Figure 6. On the other hand, a second paramodal value, 
which in the curves of Figure 5 was either zero or quite small, may occur with a 
varying but considerable frequency, as shown by the distributions of the 
responses of the two other units in Figure 6. 

If the units are classified according to the modal values of their repetitive 
trains obtained under given conditions of stimulation, and all units in each 
class are treated as if they formed one population, the average distribution 
around each modal value can be seen. Figure 7 shows such graphs for 55 units. 
It will be noted that in all graphs except those at the extreme left and right 
two paramodal values occur with considerable frequency. This is partly due to 
the fact that units with such distributions do indeed occur, but is mainly the 
result of summing together populations of responses of units distributed asym- 
metrically but in different directions from a given mode. A unit discharging at 
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Fic. 6. Number of spikes per response graphed against the percentage of responses with 
the stated number of spikes. Occasional distributions. Legend as in Figure 5. Tm 23(4)— 
Wrist—St = 2.6 x t. Tm 24(4)—2nd digit, forepaw—St = 2.6 X t. Tm 27(6)—Dorsal 
surface of the forepaw—St = supramaximal. Tm 26(6)—Skin; Ist digit, forepaw—St = 
supramaximal. Responses of units Tm 27(6) and Tm 26(6) are shown in Figures 4c and 4d. 
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Fic. 7. Number of spikes per response graphed against the percentage of responses with 
the stated number of spikes. Average distributions around each modal value in 55 units. 


Legend as in Figure 5. 


a modal value of 7 was seen only once. The total number of responses which 
were photographed is quite inadequate to maintain that the unit was indeed 
discharging at this mode. Nevertheless, the distribution of this minute series 
is typical and there seems to be no off-hand reason to doubt that a discharge 
at modal value of 7 may be seen occasionally. 

Figure 7 suggests that the distributions around all modes are very much 
alike. Regardless of the absolute value of the mode variations from it are in 
more than 90% of all responses confined within the limits of + one spike. 
Responses differing from the mode by + two spikes are uncommon, and those 
differing by still larger values are quite rare. 

It has been stated already but not stressed, that the number of spikes per 
response is relatively stable if the stimulus strength markedly exceeds threshold 
intensity. Actually, many units may discharge with the same stability near 
threshold. With other units, however, this is not the case and the spread 
around modal values at near threshold strength of stimulation may be large. 


3. Conditions which may change the modal value of a repetitive train 


The demonstration that any unit tends to discharge consistently at some 
mode under constant conditions of supraliminal peripheral stimulation may 
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suggest that the mode of a discharge is a specific property of a unit. This, 
however, is not at all the case, for the modal value of a train may change 
with changed conditions of peripheral stimulation. Figure 8 shows a distribution 
curve of responses (A) of a unit which discharged usually 2 spikes to a stimulus 
of 0.3 v. When stimulus strength is increased to 1.0 v., the mode of the repeti- 
tive train shifts to 3 (B). That this shift is due to increased stimulus strength 
is apparent, since with the reduction of the stimulus to its original value of 
0.3 v. the modal value drops again to 2 spikes per response (C). 
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Fic. 8. Shift of the modal value of the repetitive train with change in the strength of 
the peripheral stimulus. Tm 34(4). Electrical stimulation of the skin of the ankle. 0.3v = 
stimulus strength just above threshold. Locus of peripheral stimulation the same for all 
responses. Responses in A, B, and C were obtained in consecutive sequence. 


More detailed data pertaining to a shift of the mode with changes in stimulus 
strength are shown in Figure 9. The modal value of the discharging unit is 4 
to a stimulus 16x threshold (A). With a progressive decrease in stimulus 
strength the distribution curves do not change markedly until the stimulus is 
reduced to about 2x threshold (B to D). At this strength the mode of the train 
is still 4 but there is some decrease in the relative number of responses with 
4 spikes and an increase of responses containing 3 spikes. This trend continues 
(E) until stimulus strength is reduced to 1.2x threshold. At this intensity the 
modal value shifts to 3 (F). 


A shift in the mode with intensity of stimulation is a common event in our 
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Fic. 9 Fic. 10 

Fic. 9. Shift of the modal value of the repetitive train with changes in the strength of 
the peripheral stimulus. Location of the stimulus is the same for all responses. Tm 30(1). 
Electrical stimulation of the skin around 4th claw, forepaw. 

Fic. 10. Shift of the modal value of the repetitive train with the change of the peripheral 
location of the stimulus. Same unit as in Figure 9. Stimulus strength the same for all re- 
sponses. Note that modal value of the repetitive train which results from a change of stimu- 
lus location is not the same as the one resulting from changes of the strength of the stimulus. 


° ' 


material. We shall consider this problem further while describing the effect 
of stimulus strength on the response. 

Since the strength of the stimulus may affect the mode of the repetitive 
train it could be expected that variations in the locus of application of the 
stimulus and of the type of the stimulus employed are also of significance. 
That this is so is shown in Figures 10 and 11. In Figure 10 two distributions 
of the responses of unit Tm 30(1) are shown. Curve A is the same curve as 
shown in Figure 9 (A). B shows a distribution of the responses of the same unit 
which discharged at mode 2 when a stimulus of the same strength is applied 
to the edge instead of to the center of the receptive skin area. Therefore, unit 
Tm 30(1) discharged at modal values of 2, 3 or 4 spikes each time quite con- 
sistently depending on the locus and strength of the stimulus. 

Figure 11 shows distributions of the responses (A, C) of a unit which dis- 
charged at mode 1 to an electrical stimulus, and at mode 2 when brush stimuli 
(B) were applied. 

Stimulus strength and the locus of its application are not the only variables 
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Fic. 11. Shift of the modal value of the repetitive train with a change of the type of the 
stimulus. Tm 34(2). Locus of stimulation: Skinfold between abdomen and thigh. Electrical 
stimulus = supraximal. Responses in A, B, and C were obtained in consecutive sequence. 
Although the modal values of the repetitive trains may be different when given electrical 
and natural stimuli are applied it is, as a rule, quite easy to obtain the same modal values 
to such stimuli by a suitable adjustment of their strength or variation in the locus of their 
application. 

Fic. 12. Shift of the modal value of the repetitive train with the change of the position 
of the electrode. Tm 18(3). Electrical stimulation of the large pad of the forepaw. St = 
1.4 X t in all responses. A—Responses at the original position of the electrode at which the 
unit was isolated and studied for over 3 hours. B—Responses after the electrode was ad- 
vanced in small steps by a distance of over 100 u. The modal response of this unit at the 
original position is shown in Figure 3. 


which can determine the modal value of a repetitive train. If an identical 
stimulus is applied repetitively at intervals so short as not to permit a com- 
plete recovery of the system, the modal value of the train—if different from 
one—will invariably diminish. Furthermore, if a single stimulus causes a unit 
to discharge two widely separated trains of spikes—as sometimes happens—the 
modes of such trains may be quite different. In order to avoid repetition we 
shall present these data while dealing with the response to repetitive stim- 
uli (24). 

Here we shall consider only one more experimental situation in which we 
observed modal changes. Figure 12 shows discharges of unit Tm 18(3) at two 
electrode positions. Curve A pertains to the position at which the unit was 
encountered and studied for over 3 hours. Then, with slow advancement of the 
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electrode in 10 yw steps the unit gradually lost its negative phase and finally 
became a purely positive spike. Since all transitional stages were actually ob- 
served on the tube face there is no doubt that the observed responses were 
responses of the same unit. Curve B shows distribution of responses after the 
electrode was advanced by over 100 yu. It is relevant to observe that in position 
B, in which the unit may be assumed to have been more damaged, it discharged 
at a lower mode than originally. Although a shift of the mode under these 
conditions is difficult to interpret, it is significant that a more damaged unit is 
not necessarily the more excitable. 

From the facts presented it is clear that the modal value of the repetitive 
train, stable as it is under given conditions, is quite susceptible to change. 
Among the factors which can influence the modal value of the repetitive train 
are such qualities of the stimulus as its strength and frequency, as well as the 
locus of its application. The fact that the number of spikes in a repetitive train 
is such a sensitive index of the characteristics of the peripheral stimulus is in 
accord with the assumption that the repetitive discharges of stable thalamic 
units are normal events. 


4. Time intervals between spikes in repetitive trains 


a. Effect of the strength of the stimulus on the intervals between spikes in trains 
with the same number of spikes. 


When trains of any unit are examined it is apparent that the intervals be- 
tween the spikes in trains with the same number of spikes are affected only 
to a limited degree by the strength of the stimulus. If, e.g., 2-spike trains are 
considered and in each unit the mean interval values are determined at differ- 
ent intensities of stimulation, the following facts emerge. In units in which 
such trains occur both at threshold and at the highest intensities tested it is 
almost always true that the mean interval between the spikes is longer at 
and near threshold than at highest intensities. Quite often the significance of 
such a difference cannot be statistically established in the small samples avail- 
able; in a few units, however, the difference is indeed highly significant. 
Similar findings are obtained when trains with a larger number of spikes are 
examined. Although our material is too small to warrant a detailed presentation 
of these data, the following statement with respect to the effect of stimulus 
strength on the interval between the spikes—in trains with the same number 
of spikes—appears justified. The effect of stimulus intensity on interval is 
largest at and near threshold and this effect becomes negligible once the 
strength of the stimulus is well above the supraliminal value. The magnitude of 
the effect is usually small, since the appropriate mean intervals differ often by 
less than 10 per cent even if trains at threshold and highest intensities available 
are compared. Only in a few units did this difference exceed 20 per cent. 
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b. The intervals between spikes in trains with different numbers of spikes. 


Since most of the records of any unit in our material were obtained at in- 
tensities well above threshold, only a small error is introduced if one neglects 
the intensity effect and considers for any unit all trains with the same number 
of spikes as if they belonged to a homogeneous population. Such treatment is 
useful for considerations of the relation between the number of spikes in a 
train and the intervals between them. 

Measurements of intervals between the spikes pertaining to 30 units are 
presented in Table I. The table was constructed in the following manner. All 
responses of each unit were classified according to the number of spikes per 
response (regardless of stimulus strength) and for each group of discharge 
trains of a given unit the mean duration of the intervals between the spikes 
was determined. Means for each interval were thus obtained for all units. The 
table shows the means of the individual means of the units measured. 

It is apparent from the table that it is convenient to refer to the intervals 
between the spikes in a sequence from right to left. Thus trains with two spikes 
possess only one interval—the last. Trains with three spikes possess a last 
interval and one preceding the last, etc. Two facts are evident from the data. 
The first is that the frequency of firing declines as firing progresses. The second, 
that the mean durations of respective intervals in trains of different length 
are nearly constant if these intervals are considered from right to left. 


TABLE I 
Mean durations (and standard errors) of the intervals between the spikes in 2- to 7-spike trains 


The values shown are means determined from the mean values of the appropriate intervals of 
every unit measured. The first column on the left indicates the length of the repetitive train. The 
second column shows the number of units and hence the number of individual means upon which 
the tabulated values are based. The third column indicates the total number of records upon which 
the measurements were made. The table is based on measurements on repetitive trains of 30 units. 
Since most units discharged trains with a varying number of spikes the sum of the second column 
is 83. 
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This rather unexpected finding is true even though it can be shown that if 
the same unit discharges trains with different numbers of spikes the last inter- 
vals (as well as other appropriate intervals denoted from right to left) tend, in 
most cases, to lengthen as the number of spikes in a train increases (Table VII). 
Table I indeed indicates a modest trend towards a lengthening of comparable 
intervals as the number of spikes increases. This effect is barely apparent for 
2-, 3-, 4- and 5-spike trains, and is not present at all in 6- and 7-spike trains, 
probably because our samples of these two latter groups are very small. Since 
the differences between the appropriate intervals are usually not significant it 
seems right to conclude that the relation which exists between the number of 
spikes in a train and the intervals between them is not sufficiently affected by 
changes in the refractoriness of the unit to produce more than a slight trend 
towards a lengthening of the appropriate intervals in trains of different length. 
It seems clear that an increasing refractoriness of a discharging unit is not a 
major factor in the timing of the train of spikes. 


c. The minimal duration of the interval between the spikes. 


It is seen in Table I that the difference between the shortest and the longest 
mean interval values is about 1.2 msec. Starting from the last interval with a 
duration of 2.1 to 2.3 msec. the interval shortens to about 1.8, 1.6, 1.4, 1.3, 
and 1.1 msec. respectively, as the number of spikes in the train increases, and 
appears to approach a minimum value. 
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Fic. 13. Duration of the first interval between the spikes in 2- to 7-spike trains. Cumula- 
tive frequency curves. All measurements were grouped in classes. Class interval: 0.2 msec. 
for 2-, 3-, and 4-spike trains; 0.1 msec. for 5-, 6-, and 7-spike trains. Upper limits of the 
class intervals used for plotting. The measurements pertain to trains of the same 30 units 
analyzed in Table I. One value exceeding 5.4 msec. omitted in curve B. 
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That this impression is correct is supported by a consideration of the first 
intervals of all trains. Figure 13 shows graphs constructed by plotting the 
durations of the first interval in 2- to 7-spike trains against the cumulative 
percentages of their occurrence. All measurements were used for graphing in 
order to consider all intervals which did occur. Since the number of discharge 
trains available for measurement varied from unit to unit the curves do not 
represent a balanced sample. Despite this inadequacy certain conclusions can 
be drawn with confidence. It is apparent that as the number of spikes in a 
train increases the duration of the first interval is confined to a narrowing 
band of values, and that all curves converge at the lower end upon a value 
close to 1 msec. It will be noted that even some 2-spike trains may have an 
interval no longer than 1.2 msec. As the number of spikes in the train increases 
the smallest value for the first interval becomes demonstrably shorter. How- 
ever, the shortest duration of the first interval is found in 6- and 7-spike trains 
to be no shorter than around 0.9 msec. 

It seems reasonable to conclude from these figures that there is a lower limit 
to the duration of the first interval between the spikes. This minimal duration 
is certainly not longer than 1 msec., and is probably not markedly shorter 
than 0.9 msec. 


d. The maximal duration of the interval between the spikes. 


The maximal duration of the interval between the spikes can best be ex- 
amined by consideration of all last intervals. If the durations of these intervals 
are plotted in the manner described for Figure 13, the plots shown in Figure 14 
result. The plots for trains with different numbers of spikes all converge into a 
narrow band at the upper end forming a long tail which approaches the 100 
per cent level. The actual end of the tail is at 6.7 msec.* In contrast to the 
minimal duration of the interval, no sharp limiting value can be established 
for the maximal interval between the spikes. Nevertheless, while in our ma- 
terial the last interval may have any value between about 1.2 and 6.7 msec., 
not all values within this range are equally probable. The plots suggest that 
intervals above 4 msec. occur only exceptionally. In fact, in no unit graphed 
were such intervals frequent. Further, the plots indicate that, within the range 
of 1.2 and 4 msec., intervals grouped closely around 2.0 msec. are much more 
likely to occur than are those below 1.5 msec. or above 3.0 msec. This finding 
is actually due to the fact that among the 30 units considered there were only a 
few which frequently showed intervals below 1.5 msec. and only a few which 
often had intervals around 3 msec., while all the other units had intervals 
within the range of 1.5 to 3.0 msec. 


* There is some reason to doubt that this interval is actually the longest which can occur. 
A few records in which still longer last intervals were observed were eliminated from meas- 
urements since the last spikes in them were judged to be spontaneous discharges. 
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Duration of the last interval between the spikes in milliseconds 

Fic. 14. Duration of the last interval between the spikes in 2- to 7-spike trains. Cumula- 
tive frequency for each train type is indicated by symbols. All measurements were grouped 
in classes. Class interval is 0.2 msec. for all trains. Upper limits of the class intervals used 
for plotting. The measurements pertain to the same 30 units analyzed in Table I. Note that 
the values for 2-spike trains are also shown in Figure 13. 


In summary the following can be said. Although there is no clear absolute 
upper limiting value, the duration of the last interval is in most units within 
the range of 1.5 to 3.0 msec. Units which show in many responses a duration 
of the last interval shorter than 1.5 or longer than 3.0 msec. are uncommon 
and it is rare for any unit to discharge again if as many as 4 msec. have elapsed 
since its previous discharge. 


In addition to the data presented, 12 other units showed sequences of intervals which 
were similar to those analysed, although no reliable measurements could be made since no 
photographs at appropriate sweep speed were taken. This material completes all our data 
on intervals between the spikes except for two units. Their discharge trains were so different 
from what apparently is the typical pattern in deeply nembutalized cats that a short de- 
scription of both of them is in order. 

The first of these units (Tm 34(3)) was discharging at different modal values at different 
stimulus intensities, and trains of 2 to 6 spikes occurred. Table II shows the mean values 
for the durations of intervals. In contrast to the data thus far presented the mean duration 
of the first interval is always the longest. It is, however, apparent that if one neglects the 
first interval the remaining intervals are in a sequence which fits reasonably well the se- 
quences described above. One could consider that the unit discharged two trains. The first 
would be always a one-spike discharge. The second train starting 2.7 to 3.3 msec. after the 
first would consist of a 1- to 4-spike train in a typical sequence. Whether this interpretation 
is tenable is, of course, disputable. However, conclusive evidence is available (24) that an 
early and a late train can occur fairly frequently and that two such trains may have quite a 
different number of spikes. 
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TABLE II 


Wean durations (and standard errors) of the intervals between the spikes and mean amplitudes (and 
standard errors) of spikes for units Tm 34(3) and Tm 32(6) 


For unit Tm 34(3) the first interval is always the longest. A few 6-spike trains of this unit which 
show the same sequences of intervals are omitted from the table. Note the very different sequences 
of intervals in 4 spike-trains of unit Tm 32(6) in the two groups of responses obtained with different 
intensities of the peripheral stimulus. See text. The amplitude of spikes is expressed in percentage 
of the height of the first spike which in each train measured was taken as 100%. Note that the sizes 
of the spikes vary in relation to the intervals between them. See p. 273. Both units activated by elec 
trical stimulation of the skin. Tm 34(3). Knee, hindleg. Tm 32(6). Ankle, hindleg. 





Mean duration of the intervals 
between spikes in msec. Mean omplitude of spikes 
Height of the first spike = 100 % 





























intervals 
3rd from |2nd from| ist from | last Ist 2nd 3rd 4th Sth 
last lost last spike Spike spike spike spike 
2-spike trains 273+ 100 |950 + 
Nell 0.4! 16 
3- spike trains 3.26+/193 +]| 100 |9872+/956+ 
N=38 0.16 | 006 0.7 0.6 
T 
valet 4-spike trains 280 +] 1.78+/196 + 100 |97.4 +|926+/95.7+ 
N=32 0.17 0.05 | 0.06 08 0.8 0.8 
5-spike trains |2.73+] 147 +|1.82+|188 +|| 100 |97.7 /91.2 +/94.4+ |96.2+ 
N=38 0.09 | 0.05 | 0.03 | 0.07 0.8 08 0.6 0.6 
strength of 
stimulus ; 1.26+]1.48 +/2.28+]| 100 |97.6+/98.3+/99.0+ 
t to 3.7xt 0.03 | 0.02 | 0.12 0.2 0.2 0.2 
N=36 
ve 38 (s) strength of 
ane 1.364 1.38+/1.17 |] 100 |96.7+|96.9+/95.0+ 
4.910 5.7xt 0.02 | 0.02 | 0.01 0.2 0.3 0.3 
N=33 












































The discharge pattern of the second unit is still more puzzling. The unit (Tm 32(6)) 
was discharging at modal values of 3 or 4 spikes depending on stimulus strength. At highest 


“7 


intensities tested (4.9 to 5.7 * threshold) the unit discharged almost exclusively 4 spikes 
in each train. Whereas at lower intensities all discharge trains (including the 4-spike trains) 
displayed a typical sequence of intervals, this was not the case at highest intensities. In 
Table II the mean duration of intervals of 4-spike trains are given for different intensities 
of stimulus. It is seen that at lower intensities a typical sequence of intervals occurs, although 
average durations of the first and second intervals are shorter than the grand averages for 
all units. On the other hand, the sequence of intervals at intensities of 4.9 and 5.7 X thresh- 
old is unique in our material; the first and second intervals are quite short and equal and 
the last interval is not only the shortest of all but is actually one of the shortest mean inter- 
val values observed. 

Some remarks as to the collection of data for this unit are pertinent. There is no doubt 
that an apparent relation to intensity of stimulus was present since the data at highest 
intensities were collected in two groups which were separated by a group of data at lower 
intensity of stimulus. Nevertheless, it is reasonable to conclude that, however real this 
relation was, it must have been only indirectly related to stimulus intensity since such a 


sequence of intervals was never present in any other unit. 
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5. The relation of single unit discharges to the strength of the peripheral stimulus 
An increase in the strength of the peripheral stimulus may cause primarily a 
change of the modal value of the discharge train of a unit and shortening of the 
latent period to the first spike. Both these changes occur as a rule simultane- 
ously, but neither necessarily occurs. 
Figures 15 and 16 show records of two units in which an increase of stimulus 
strength causes a progressive shortening of the latent periods to the first spike 


Oneness neeeeeeeenaneaee 





Fic. 15 Fic. 16 

Fic. 15. Shift of the modal value of the repetitive train and shortening of the latent 
period to the first spike with increased strength of the peripheral stimulus. Tm 29(1). 
Electrical stimulation of the skin around Ist claw, forepaw. Position of the stimulus un- 
changed for all responses. Column at the extreme left indicates the strength of the stimulus. 
Threshold intensity = 100. Second column indicates the mean latency to the first spike 
(and the standard error of the mean) at each intensity of the stimulus. The records show 
the modal value of the repetitive train at each intensity tested. Amplification and time 
line are the same for all records. 

Fic. 16. Shift of the modal value of the repetitive train and shortening of the latent 
period to the first spike with increased strength of the peripheral stimulus. Tm 26(6). Elec- 
trical stimulation of the skin around the 1st digit, forepaw. Legend as in Figure 15. Note 
the presynaptic complex preceding the first spike in all records. Mean latency to the pre- 
synaptic complex at threshold strength = 9.6 + 0.15 msec. Mean latency to the presynaptic 
complex at 3 x threshold = 8.1 + 0.07 msec. 
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Fic. 17 Fic. 18 


Fic. 17. Shift of the modal value of the repetitive train but no significant change in 
the latent period to the first spike with increased strength of the peripheral stimulus. 
Tm 16(6). Electrical stimulation of the skin just above wrist. Legend as in Figure 15. 

Fic. 18. No change in the modal value of the repetitive train but a significant shortening 
of the latent period to the first spike with increased strength of the peripheral stimulus. 
Tm 23(4). Electrical stimulation of the skin. Wrist. Legend as in Figure 15. 


and an increase in the modal value of the repetitive train. Figure 17 pertains to 
a unit in which the modal value of the discharge train increased with increased 
stimulus strength but the latency did not change. Figure 18 illustrates records 
of a unit in which the latent period shortened but the mode remained invariate. 
Figure 19, finally, depicts records of a unit in which both the latency and the 
mode of discharge remained unaffected by stimulus intensity. 


a. Effect of stimulus strength on the modal value of the repetitive train. 


Since the changes in the modal value of the discharge and the latency shifts 
do not appear to be interdependent, they may be considered under separate 
headings. A proof that the modal value of the repetitive train may vary with 
variations of the intensity of the stimulus has been given (p. 251). Out of 33 
units for which we possess intensity data, 18 can be shown to change their 
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modal values with variations of stimulus strength. In about half of the re 
mainder a relation between the number of spikes in a train and stimulus in- 


tensity probably existed but this cannot be established with certainty, for 
insufficient numbers of sweeps were photographed. In 7 units there is no indi- 


cation that such a relation existed. In units in which there was a relation be 


tween stimulus strength and the modal value of the discharge train, an increase 
in stimulus strength caused, as a rule, an increase of the modal value. This, 





Fic. 19. Stimulus strength without effect on either the modal value of the repetitive 
train or on the latent period to the first spike. Tm 16(7). Electrical stimulation of the skin 
between 2nd and 3rd digits, forepaw. Legend as in Figure 15. 


however, was not invariably the case. Although no proof can be offered on a 
large sample, there is little doubt that some units display at and near threshold 
more often trains with higher number of spikes than they do at higher intensi- 
ties of stimulation. Table III presents appropriate data for 4 such units. 
Figures la and 1b show the modal discharge of Tm 16(8) at threshold and at 
highest intensity tested. From these data it appears that under some circum- 
stances, which were apparently rather seldom realized in our sample of 33 units, 
a stimulus near threshold may cause more often a longer discharge train than 
does a stronger one. 





Cal 


Col 


thi 
en 


his 


itive 


skin 


bn a 
hold 
-nsi- 
nits. 
dat 
‘um- 
nits, 
than 





ACTIVITY OF SINGLE THALAMIC NEURONS 263 


TABLE III 


Four units for which stimuli at and near threshold strength were more effeclive than were strong stimuli 


in causing repelitive trains with a larger number of spikes 


\l] units activated by electrical stimulation of the skin. Tm 32(5)—Upper thigh, hindleg. Tm 
16(8)—Skin around 2nd digit, forepaw. Tm 27(6)—Dorsal surface of the forepaw. Tm 26(3)—Upper 
foreleg. The modal response at threshold and at 5 X threshold of unit Tm 16(8) is shown in Fig 
ure 1. Responses to supraliminal stimuli of units Tm 32(5) and Tm 27(6) are shown in Figures 
4b and 4c. 

Intensity of the stimulus: t= threshold 














tto l.ixt L3xt to2.9xt 
No. of responses with 
TM 32(5) less than 4 spikes 39 273 
No. of responses with 21 10 


4 or more spikes 





t to L3xt Gxt to Sxt 


No. of responses with 9 28 
TM 16(8) | less than 3 spikes 








No. of responses with 






































3 or more spikes '7 4 
t to L3xt \.7xt to Sxt 
No. of responses with 4 182 
TM 27(6) | less than 5 spikes 
No. of responses with " 5 
5 or more spikes 
t to Lixt l.3xt to |.6xt 
No. of responses with 6 16 
TM 26(3) | less than 5 spikes 
No. of responses with 4 0 
5 spikes 





b. Effect of stimulus strength on the latency to the first spike. 

Data relating intensities of stimulus to latencies to the first spike are pre- 
sented in Table IV. Since not all the units listed were activated by stimulation 
of the same part of the body some differences in absolute latencies are to be 
expected. We shall consider here the relation of latencies at different intensities 
to the latencies at threshold. 

The stimulus is defined as of threshold intensity if it is as likely as not to 
cause a unit to discharge. However simple this definition is, it is not easy to 
comply with it precisely in practice. In all units tabulated the actual intensity 
in each series which was closest to the presumed threshold is considered as 
threshold intensity. The list is headed by 6 units in which no significant differ- 
ences could be established between the latencies at threshold and those at 
highest intensities tested. This group is followed by another group of 6 units 
in which these differences, although of the same order of magnitude (less than 
| msec.), are nevertheless significant. This group fades into the main group of 
21 units in which the latency shift is progressive with increased stimulus 
strength and may indeed attain a large value. It is of interest to note that in 
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some units in which an impressive latency shift occurs much of the shortening 
actually takes place at intensities only slightly above threshold. This may sug- 
gest that the units in which no marked latency shifts were observed were 
actually units of this type and that no latency shifts near threshold were de- 
tected because of inadequate determination of threshold intensity. It seems 
most unlikely, however, that all units in which no marked latency shifts oc- 
curred could be interpreted in this way, since with some of these units a con- 
siderable effort was made to determine whether or not a latency shift near 
threshold did indeed take place. With others it is reasonably certain that the 
intensities assumed as threshold values were actually below true threshold. 

When a marked shortening of the latent period occurs, the spread of latency 
measurements around the mean is almost always larger for weak than for 
intense stimuli (unit Tm 23(4) of Fig. 18 is one of the few in which this is not 
the case). Table V shows the means, the range of latencies and the standard 
deviations at different intensities for unit Tm 32(1), which is fairly representa- 
tive of the entire material. Further, the range of latencies of units which are 
activated from the same general skin area (26 forearm units in Table IV) is 
greater at threshold than when strong stimuli are applied. Whether or not the 
shortening of latency with increased intensity of the stimulus occurs in discrete 
steps could not be determined, for our samples are much too small for such 
an analysis. 

Since most of our electrical stimulations were done by thrusting the stimu- 
lating electrodes into the skin, it is uncertain whether a peripheral twig of a 
nerve or the receptors, or both, were stimulated, or indeed whether an intense 
stimulus was exciting the same structures as was a weak one. However, we 
have evidence that the latency of a unit may decrease with increasing intensity 
when a nerve is directly stimulated. Thus units Tm 6(1) and Tm 7(1) (Table 
[V) were both activated by direct stimulation of the ulnar nerve. In both cases 
a significant though only modest shortening of the latent periods occurred with 
increased intensity. It is equally clear that a unit may discharge quite late 
even if it can be shown that a presynaptic volley reaches the thalamus con- 
siderably earlier. If the latency shortens with increased intensity the latency 
of the presynaptic complex will always decrease less than does the latency to 
the first spike. In short, the interval between the beginning of the presynaptic 
complex and the spike is always longer at threshold than when supramaximal 
stimuli are applied. Thus, an increase in stimulus strength from a threshold to 
a supramaximal value was accompanied by a shortening of this interval from 
2.9 + 0.29, to 1.8 + 0.1 msec. for unit Tm 26(6), Figure 16; from 4.3 + 
0.29, to 1.2 + 0.12 msec. for unit Tm 16(8), Figure 1; and from 2.7 + 0.48 
to 1.7 + 0.07 msec. for unit Tm 32(1), Table V. This suggests that the 
shortening of the latency to the first spike not only can occur centrally, but 
that actually much of this shortening can take place in the thalamus itself. 
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TABLE IV 


Latencies to the first spike in single-spike or repetitive responses in relation to the strength of the 
peripheral stimulus. 33 units 


All units except Tm 6(1) and Tm 7(1) were activated by electrical stimulation of the skin. First 
column identifies the unit; second column indicates the place of the peripheral stimulation, F = 
foreleg, H = hindleg, T = trunk; Third column (N) indicates the total number of records meas- 
ured in each series. Figures in column t show mean latencies at threshold strength of stimulation. 
Figures in each successive column indicate the mean latencies at stimulus strength indicated at the 
head of the column. If, within the indicated brackets of stimulus strength there was more than one 
determination done, the figure in the column refers to the mean latency at the highest intensity within 
a given bracket. Column m assembles all mean latencies at the highest intensities tested. Column t-m 
shows the difference between the mean latency at threshold and the one at highest intensity. This 
difference was in each case examined by Student’s test of significance. The difference is marked by a 
o if the significance of the difference could not be established, or by x, xx, or xxx. respectively if 
it is probably significant, significant, or highly significant. 

Note that while for the few hindleg units the range of latencies is actually larger at maximal 
intensities than it is at threshold the range of latencies on the much larger sample of 26 foreleg units 
is 7.5 to 18.4 msec. at threshold intensities while at maximal intensities tested this range is 6.2 to 
13.3 msec. Standard deviation (¢) of the distribution (26 foreleg units) at threshold strength = 
2.76 msec. Standard error of the standard deviation = 0.38 msec. o of the distribution at maximal 


























































































































ntensities = 1.48 msec. Standard error of the standard deviation = 0.21 msec. 
Mean latency to the first spike in milliseconds 
at different intensities of the stimulus 
cee t= threshold intensity, m=maximal intensity ey _] 
Locus ot | N | ¢ |1.11-[1.30-]15t-|2t-]3t-[5t-]71-] m | t-m 
Stimulation 1.2919}1.491 |1.99t |2:99114.994/6.991) 161 

™ 16(7) F 38 |12.8) — |13.6 | 12.6] 12.7 [12.5/13.3] — [13.3]-0.5° 
TM 34(9) T 85 |13.7| — fi2.7]13.3] — | — |i3.e] — [13.8/-o.1°e 
TM 18(3) F 80 | 12.2 /12.2/}12.1 |12.2| — | — | — | — /12.2) 0.0 
TM 1616) F 33 [10.7| — | — [i0.9]10.9| — [11.2 10.6/10.6|+0.10 
TM 27()) T 27 [i268] — | — |i2.eli2.s}i2.7li2.5| — |i2.5|+o03° 
TM 16(3) F 39 [iii [10.5] — [106/10.7/10.5| — | — [10.5|+0.60 
TM 326) - 5 |i5.a | — | — |14.9]14.6] 14.7] 14.7) — |14.7 [40.48 
T™ 7 (I) F 40|9.4 | 8.7| 67| 86| 86) —| —| — | 86|+06™ 
T™ 354)| —F 53 | 86 | 6.6) 62| 62| 61| 80) —| — | 60|+06™ 
TM 2614) F 51 [10.1 [10.0] 9.6/10.0]/10.0/ 9.9] 9.9] 9.4] 9.4]+0.78 
T™ 3513) F 58 |10.1/ 9.9] — | 97/98] 93] — | — | 9.3]+08" 
TM 26(3) F 25 | 9.7| 90] 9.0/ es} — | — | — | — | 8e|+o.9"™ 
TM6(!) F 49| 75| 64] 6.3) 64] — | 62] — | — | 6.2/+1.38 
T™ 23(4) F 30} 9.4] — | — | 9.2] 9.0] — | — | 8.0] 8.0/ 41.44" 
T™ 28(3)| FF 29 /i26/ sit] — foe] — | — | — fi06|+2.0" 
TM 2i(2) a 26/1.0; —| —] —] 95] 90] — | — | 9.0]+2.0"™ 
TM 26(6) F 22 [i2.s}i.2| — |106]0.1] 99| —| — | 99]+2.6"™™ 
TM 26(5) F 27/125] —| — | — |1n3]10.4| 97] — | 9.7]/+2.68" 
TM2K%3)| _F 42 |13.2| 10.6] — | — |10.4/10.3/ 10.0] — |10.0|/+3.2"" 
T™32(1) H 160 | 16.2)15.2) — [124/120 )12.1) — | — [12.4 |44.188* 
TM 16(8) F 55 | 12.6] — [14.2]14.2]11.7| 6.6] 6.5) — | 6.5|+4.18" 
TM 27(2) F | 22{i2eli2.2| — |10.1|91|e7| —| —| 67 \+4.0" 
TM 33(i) 4 90 |i8.0] — | — [ia.s] — ]13.9]14.1]13.7/ 13.7 |+4.39"" 
T™ 28(!) F 30 [14.11/98] — | 98/97) —| —| —| 97[+4.4™ 
TM 34(3) H__|129 | 16.3] — | — /i4.9fi2.8]i2.9] 13.2] 11.8] 11.8]4+4.5" 
TM24i4)| F | 40|130| 6.1] 6.1 | 60| 80] — | 7.9] 7.9] 7.91/45." | 
TM 23(5) F 35 | 15.8} — [13.0}12.3] 11.7] — | — | 9.5] 9.5|+6.3"" 
TM 29(2) F 69 | 16.2] 13.0]11.9 [11.5] 11.5]10.7| — | 9.5| 9.5 |+6.7" 
TM 2766) F 43|15.4| 9.9| — | 9.0] 9.0] 8.9] 8.7| — | 8.7 /+6.70% 
TM 32(5) H 97 | 17.4) 12.8)11.7 [U.6)103) — | — | — |10.3)+7.1888 
TM 28(2) F 38 | 15.4 8.6] — | — | 282] 82] — | — | 2|+7.20 
TM 291) F 52 | 17.3] 13.4/12.2] — |10.5]10.0| — | — lio.0|+7.3""" 
TM 30(1) F 39 [18.4] 10.2] 8.6] 8.5] 8.1| — | — | 7.6| 7.6] +108" 
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TABLE V 


Vean latencies to the first s pike and to the presynaptic com plex (wave) preceding the first s pike al different 
intensities of the peripheral stimulus in unit Tm 32(1) 


Electrical stimulation of the skin—Hip. First column indicates the strength of stimulus in multi 
ples of threshold strength (t): Second column shows the number of records upon which the measure 
ments were made. o = standard deviation of the distribution. Note that the latencies to the first 
spike and to the presynaptic wave oscillate much more at threshold and near threshold intensities 


of stimulation than they do when stronger stimuli are applied. te 
































Srengh of stimaua| amber of] Mean tency ||. [Pence of ance] Mean ater to] | Ronge of iorence | 
(msec.) (msec.) (msec.) (msec.) | 
threshold (t) 14 6.2 + 0.34 1.27 14.5—19.2 13.520.33 1.25 1.5 —15.7 
L2xt 14 15.2+0.34| 1.29 13.2— 18.7 12.240.25 | 0.94 11.0 — 13.7 
1.6 tol.@xt 39 12.44 0.05] 0.30 11.7—13.0 10620.04 | 0.22} 10.0—11.0 
20xt 20 12.3% 0.03] 0.14 12.0-12.5 10.6£0.02 | 0.10 10.5 — 10.8 
23x 19 12.1% 0.05; 0.21 1.7—12.5 10.5+0.02 | 0.10 10.3 — 10.6 
2.7 to 3.0 xt 38 12.1% 0.03] 0.20 1.7—12.5 10.540.02 | 0.12 10.0 — 10.8 
4.0xt i6 | 12.14 006] 0.23} 11.5—123 | 10.4£0.05 | 0.18 10.0—10.7 | 


























c. Latency to the first spike in trains of different length at a given strength of 


the stimulus. 

Thus far, mean latencies to the first spike were considered regardless of the 
number of spikes in a train. It was concluded that the mean latency to the 
first spike is usually greatly affected by stimulus strength. It must be asked, 
however, whether and to what extent the latent period to the first spike may 
vary with the number of spikes in a train. The matter can be tested if responses 
with different numbers of spikes evoked by stimuli of the same strength are 
examined. In such series trains with a larger number of spikes have, on the 
average, a shorter latency to the first spike than do trains with fewer spikes. 
However, the longest individual trains do not always display the shortest 
latencies in the series, and the differences in mean latencies which do emerge 
are hardly ever statistically significant in small series. Nevertheless the finding 
that the latency to the first spike is usually shorter when the trains possess 
larger number of spikes is unlikely to be due to chance (chi-square test). Only 
a rough estimate of the magnitude of the latency changes is possible in the ma- 
terial available. It appears that at any given intensity trains with largest 
numbers of spikes will possess a latent period to the first spike which will be 
shorter by a few per cent than the mean latency established for all trains in 
the series. 


6. The amplitude of spikes 


We shall present data leading to the conclusion that a stable thalamic unit 


will discharge at nearly the same amplitude when the response consists of only 
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one spike, but that a different regularity prevails for the amplitudes of the 
spikes of a repetitive train. 
a. The amplitude of spikes in single-spike responses. 

Since it is immaterial for the results one can utilize for amplitude measure 
ments of one-spike responses either the records of those units which responded 
usually once to a single stimulus, or of those which responded to single stimuli 
with repetitive trains, but which were caused to discharge but one spike per 
stimulus by a train of stimuli sufficiently closely spaced. All measurements of 
spike amplitude are measurements from the peak of the positive to the peak 
of the negative deflection. 


| Height of spikes 
A—Beginning of the first hour N= 400 
MA=612.2 0.70 pv 
TA=14.0 pv 
VA=23% 
B—End of the first hour N=529 
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Amplitude of spikes in microvolts 


Fic. 20 Fic. 21 
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Fic. 20. a. Tm 16(7). Repetitive stimulation with brush of a few hairs around the digits, 
forepaw. Discharges in the first few minutes after the study of the unit began. b. Discharges 
of the same unit one hour later. Electrical stimulation of the skin between the 2nd and 3rd 
digits, forepaw. St = 3.3 X t. Small deflection is stimulus artefact. Amplification is the 
same in both records. Note that it is not at all apparent from these short records that the 
mean amplitude of the discharges actually declined somewhat during the study (see Fig. 21). 

Fic. 21. Amplitude measurements of the spikes in the series from which the records 
shown in Figure 20 were taken. All measurements were grouped in classes. Each point on 


the abscissa represents the midpoint of each class. M = mean, o = standard deviation of 


the distribution, V = coefficient of variation, N = number of measurements. Note that the 


difference between the two means is highly significant although quite trivial in magnitude 
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If one examines the records of one-spike responses of any unit studied for a 
long time it is apparent that the problem of spike height poses two questions, 
The first pertains to the variations of amplitude at any given time, the second 
to such variations over relatively long periods. 


a. The mean amplitude of the spikes. 

Figure 20a shows discharges of unit Tm 16(7) in the first few minutes after 
the study of the unit began; Figure 20b shows the same unit almost an hour 
after the record shown in Figure 20a was taken. Quantitative data pertaining to 
these records are presented in Figure 21. Curve A shows amplitude measure- 
ments of 400 discharges recorded in the first few minutes. Curve B shows a 
similar plot based upon a sample of 529 discharges photographed one hour later. 
Both distributions are fairly symmetrical around their means. The coefficient 
of variation is less than 3 per cent in each series. The mean amplitude of the 
series later in time is smaller than that of the first by about 2 per cent. 

It can be concluded that the amplitude of the spikes in unit Tm 16(7 
oscillated within a narrow range at any given time around the mean; the value 
of the mean remained nearly constant over a period of almost an hour. 

Oscillations of the amplitude of the spikes around a central value occur in 
all records of every stable unit in our material. The dispersion of such oscilla- 
tions is in most units similar to that in unit Tm 16(7); the coefficient of vari- 
ation has usually a value of 2 to 4 per cent. 

How to interpret such amplitude oscillations is an open question. It is, of 
course, possible that they may be due partly to oscillations in the voltage out- 
put of the discharging unit. It is, however, not necessary to assume so, for 
small periodic movements of tissue underneath the electrode, due to pulsations 
of the brain, would account for them as well. Since the entire oscillatory effect 
is surprisingly small it appears judicious to attribute it to such movements. 


8. Shifts in the mean amplitude. 


With many units the mean amplitude may remain stable or nearly so over a 
considerable length of time. If a unit is studied long enough, however, some 
changes in the mean amplitude usually do occur. The circumstances of such 
change are as follows: a shift in the mean amplitude is an unpredictable event 
and may occur at any time; it starts suddenly and is completed within a few 
seconds or minutes; it may occur in either direction and be great or trivial in 
its magnitude. However, if the shift is towards a decrease the unit is often lost. 
(Among 23 units which were studied an hour or longer there are only 4 in which 
there occurred a marked shift towards a lower amplitude. This strong bias 
towards actual increase of the mean amplitude is understandable, since, as 
mentioned, a unit is not likely to survive for a long time if its spike starts to 


diminish in size and since it was our habit to wait (often for 10 to 20 minutes 
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Fic. 22. a. Tm 18(3). Repetitive electrical stimulation of the large pad of the forepaw. 
St = 1.4 X t. Discharges at the beginning of the first hour of study. b. Discharges of the 
same unit at the end of the third hour of study. Repetitive stimulation of the large pad of 
the forepaw with brush. The small deflection in both records is the stimulus artefact. Amplifi 
cation is the same in both records. Note that under these conditions of stimulation the unit 
discharges only once to each stimulus (comp. Figs. 3 and 12(A)). 

Fic. 23. Amplitude measurements of spikes in the series from which the records shown 
in Figure 22 were taken. The larger numbers on the abscissa apply to series B. Legend as 


in Figure 21 


and to begin study of the unit only if its spike amplitude did not deteriorate 
during this time. 

Figure 22a is a record of unit Tm 18(3) taken at the beginning of the first 
hour of study; Figure 22b shows discharges of the same unit 3 hours later. 
Figure 23 shows the distributions of amplitudes of 800 responses of this unit 
at these two periods of time. Both curves are again fairly symmetrical. The 
coefficient of variation is less than 3 per cent for both distributions. The means 
differ widely, however, since the mean amplitude of the spike increased from 
515 to 862 microvolts (uv). 

Figure 24a shows a record of unit Tm 23(4) almost two hours after the unit 
was isolated. It is not apparent from the short record that the mean amplitude 
of the spike is just beginning to diminish. Figure 24b shows the discharges of 
the same unit about 10 minutes later when the mean amplitude stabilized at a 
new, lower level. Figure 25 shows amplitude distributions of 800 discharges 
at the time the shift of the mean amplitude began. The curve to the extreme 
right shows amplitude distributions of the first 200 discharges. Each successive 
curve to the left shows similar distributions for 200 discharges which were 
respectively later in time. All four curves are unimodal and fairly symmetrical 
and the coefficient of variation ranges between 1.8 and 2.7 per cent. The calcu- 





270 JERZY E. ROSE AND VERNON B. MOUNTCASTLE 


T™ 23 (4) Height of spikes 
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Fic. 24. a. Tm 23(4). Repetitive electrical stimulation of the skin, wrist. St = supra 
maximal. Discharges at the end of the second hour of study. The mean amplitude of the 
discharges is just beginning to diminish. Small deflection is stimulus artefact. b. Discharges 
of the same unit about 10 minutes later. Repetitive brush stimuli to the skin of the wrist. 
Stimulus artefact not seen. Amplification is the same in both records. 

Fic. 25. Amplitude measurements of the spikes in the series from which the record shown 
in Figure 24a was taken. Each series is based on measurements of 200 spikes consecutive 
in time. A—the earliest series, D—the latest. Legend as in Figure 21. Note that the differ- 


ences between the means are highly significant at each step. 


lations indicate that the progressive decrease of mean amplitude is highly 
significant at each step. The total drop is modest since it amounts to only about 
7 per cent. After the series analyzed above was photographed no records were 
taken for a few minutes. At the time the record shown in Figure 24b was 
taken the mean amplitude had reached a new and stable level. Figure 26 shows 
a histogram of the amplitudes of 846 discharges in this last series. A normal 
curve is fitted over the histogram to indicate that oscillations around the mean 
can be treated as random variations. It can thus be asserted that despite the 
decrease of the mean amplitude the unit did discharge in a stable manner. It 
will be noted that the mean amplitude is now only 535 wv, and that the coeffi- 
cient of variation is 2.7 per cent. 

It appears fairly obvious that major shifts in the mean amplitude of a stable 
unit must be due to readjustment of tissue in respect to the electrode, since all 
characteristics of such shifts point in this direction. Whether they actually 
result from a changed distance or contact of the electrode in respect to the 
responding cell, or whether they reflect a changed output of a unit due per- 


haps to its injury by the electrode cannot be answered with certainty. The 
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Fic. 26. Histogram of amplitude measurements of the spikes in the series from which 
the record shown in Figure 24b was taken. A normal curve corresponding to the mean, 
standard deviation and the size of the sample is fitted over the histogram. 


fact, however, that after a shift the mean amplitude often remains stable over 
a long.time, and that for many units a shift results in an increase of the mean 
amplitude, argues that the former interpretation is probably correct. 


b. The amplitude of spikes in repetitive trains. 


In contrast to the findings with respect to single spike responses, the spikes 
in repetitive trains are not equal in height. Spikes of different amplitudes do 
not, however, occur haphazardly in a train, for a certain regularity usually 
prevails, which is illustrated in Table VI. It will be noted that the mean 
amplitude of the ist spike is the largest, and that of the second spike is the 
smallest in both series. In the 6-spike trains there is a progressive recovery of 
the mean amplitude. Even though the sizes of the samples are quite small the 
dispersion around each mean value is comparable to the dispersions already 
described for the single-spike response. 


a. The relation of intervals between the spikes to the amplitude of the discharges. 


Since the intervals between the spikes lengthen progressively in a repetitive 
train a comparison of the recovery of the mean amplitudes of the spikes with 
the intervals between them is of interest (Table VII). The 9 units chosen are 


TABLE VI 


Mean amplitudes (and standard errors) of spikes in microvolts in a group of 2-spike trains and a group 
of 6-spike trains 


o = standard deviation of the distribution, V = coefficient of variation. N = number of meas- 
ured records. Electrical stimulation of the skin. Tm 24(4)—Skin around the 2nd digit, forepaw— 
St = t to 8 xt. Tm 28(2)—Wrist, forepaw—St = t to 4 xt. 

Responses of unit Tm 28(2) are shown in Figure 4e. The amplitudes of spikes of this unit com- 
puted as percentages of the first spike are shown in Table VII. 














Mean amplitude of spikes in microvolts 
Ist spike 2nd spike 3rd spike 4th spike 5th spike 6th spike 
1367.6 + 6.8|1098.9 = 7.3 
a O= 42.1 0=45.4 
V=3.1% V=4.1% 
TM 28(2) 717.7£5.7 1645.1 5.0] 679.8 £3.8| 687.2 +4.2| 6956+ 4.9] 710.2£5.4 
N=25 O= 28.5 O=25.2 C- 18.8 0=20.8 O=24.6 0=26.8 
V=4.0% V=3.9% V=2.8% V=3.0% V=3.5% V=3.8% 





























TABLE VII 


Mean durations (and standard errors) of the intervals between the spikes and mean amplitudes (and 
standard errors) of the spikes in 2- to 6-spike trains of 9 units 


The first column on the left indicates the length of the repetitive train; second column identifies 
the unit; the third column shows the number of records upon which the measurements are based. 

All intervals between the spikes lengthen progressively when counted from left to right. Note 
that the mean duration of any given interval may be highly significantly different in different units. 
Note also that the last intervals (and other appropriate intervals) lengthen progressively as the 
number of spikes in a train increases in units Tm 18(3), and Tm 35(3) but that this is not the case 
for unit Tm 29(2). 

The amplitude of spikes is expressed in percentage of the height of the first spike which in each 
train is taken as 100%. Note that the 2nd spike shows usually the maximal reduction of the ampli- 
tude and that this reduction varies greatly for different units. Observe that the third and the fol- 
lowing spikes increase usually successively in height (see text). 
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typical of those in our material. It will be noted that although the mean inter- 
val values differ from unit to unit, all lengthen as firing progresses. It is usually 
true that the shortest mean interval is followed by a spike with the greatest 
reduction in amplitude, and the following spikes gain in amplitude as the 
intervals lengthen. This regularity holds true if the same unit discharges trains 
of different length (2-, 3-, 4- and 5-spike trains in unit Tm 18(3), 2- and 3-spike 
trains of unit Tm 35(3)). 

The relation of the mean intervals between the spikes to their mean ampli- 
tudes can be further examined in trains with unusual sequences of the intervals. 
It is seen from Table II that the sequences of intervals and the sequences of 
amplitudes are as they could be expected to be, if the interval between the 
spikes were a factor in determining the recovery of the amplitude of the dis- 
charges. 

Even though the progressive recovery of the amplitude is, as a rule, corre- 
lated with the lengthening of the intervals this regularity does not always hold 
true. In 5-spike trains of unit Tm 26(6) and Tm 29(2) and in 6-spike trains of 
unit Tm 29(1) (Table VII) the amplitudes and the intervals do not follow in 
the same sequence. Although the magnitude of such irregularities is always 
quite small the deviant sequences occur sufficiently often that they cannot be 
ignored. Moreover, they express only in mean values what is at least occasion- 
ally true for an individual train of any unit; namely, that the interval between 
the spikes does not uniquely determine the relative size of the spike which 
follows. 


8. The maximal reduction of the spike amplitude. 


Thus far, repetitive trains of each unit were considered separately and only 
those of the same unit were compared with each other. This was done because 
the percentage drop of amplitude is not necessarily similar in different units, 
even if the spike intervals are alike. When all units are examined in this respect 
it is clear that it is impossible to predict from the knowledge of the interval 
what maximal amplitude reduction will take place for any given unit. In a 
sample of 20 stable units which were studied for a long time the maximal 
reductions varied from a few per cent to as much as 25 per cent. With most 
units the maximal reduction was less (often much less) than 15 per cent. It 
should be stressed, however, that these figures apply only to units stable for a 
long time. With units the amplitude of which quickly deteriorates, the maximal 
amplitude reductions may be much larger, occasionally amounting to 50 
per cent. 

It is seen in Table VII that, while the maximal reduction of the amplitude 
varies greatly from unit to unit, the spikes in a train of a given unit usually 
recover in height more or less in proportion to the maximal amplitude drop 
which did occur. 
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It may be mentioned that the reduction of spike height in some units varies 
significantly with variations of stimulus strength, even if the spike interval is 
relatively unaffected. In such units a strong stimulus causes the second spike 
to be markedly more reduced than is the case when it is weak (Tm 16(8), 
Fig. 1). It is possible that such a relationship is present only in those units 
in which strong stimuli evoked shorter trains of spikes than did weak stimuli 
(Table III). Our material is so limited in this respect, however, that it is 
uncertain whether this statement is correct. 


DISCUSSION 
The repetitive trains 


A major conclusion which emerges from the data presented is that a high 
frequency train of discharges of a single unit in the tactile thalamic region of 
the cat is a physiological event. The statement seems justified because the 
repetitive train is a stable phenomenon when the stimulus evoking it is stable 
and because the repetitive train is highly sensitive to such variations of the 
stimulus as its strength, rate, and the locus of its application. Although all the 
records shown were obtained in deeply nembutalized cats there is no doubt 
that a repetitive discharge is equally common in the thalamus of an unanes- 
thetised animal*® (20). It will be shown in the next paper (24) that a unit which 
responds with one repetitive train of discharges to a single peripheral volley 
will respond quite differently when a train of stimuli is applied. It is, therefore, 
reasonable to conclude that a response consisting of one repetitive train is not 
only a physiological event but that it actually represents a typical thalamic 
response to a short, transient stimulus applied at the periphery, in contrast to 
responses which commonly result when the stimulus is continuous or inter- 
mittent. 

The common occurrence of high frequency trains in the mammalian somatic- 
sensory, visual and auditory systems has been observed by all workers who 
have studied single unit activity in these systems. (Adrian, (1); Adrian and 
Moruzzi, (3); Amassian, (4); Galambos and Davis, (7); Galambos, Rose, 
Bromiley and Hughes, (8); Granit, (9); Gross and Thurlow, (13); Kuffler, 
(17); and Marshall, (18)). Nevertheless, most of these authors paid only 
scant attention to the repetitive trains, probably because they were unable 
to study them for a long time. However, Marshall emphasized that variations 
in the number of spikes in a train are most likely due to irregularities of the 
peripheral stimulus and he concluded that a repetitive train is a normal event 
since a spike barrage was interpreted by him as the essential sign of synaptic 


5 The experiments referred to were performed upon animals in which an intracranial 
section of the trigeminal nerves and a section of the upper cervical dorsal roots were carried 
out some weeks previously, under a general anesthesia. At the time of the acute experiments 
the animals were immobilized with d-tubocurarine. 
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transfer. Also, Amassian and Galambos, Rose, Bromiley and Hughes noticed a 
relation of the number of spikes in a train to the intensity of the stimulus 
and the former (4) concluded that under certain conditions repetitive dis- 
charges might be normal events. On the other hand, Adrian (1) and Adrian 
and Moruzzi (3), who alone among the authors cited studied the repetitive 
discharge in great detail, were hesitant to consider repetitive trains as signs 
of normal activity, mainly because they found that the tendency to dis- 
charge high frequency bursts could be greatly increased by convulsive drugs. 
It was thought by Adrian (1) that some abnormal state of the cells might 
be responsible for them and that there was no conclusive evidence that re- 
petitive trains would occur in a normal brain. 

Although our belief that repetitive trains are normal events is based pri- 
marily upon their sensitive dependence upon the parameters of the peripheral 
stimuli which evoke them, the trains believed to be normal do in fact differ 
in rhythm and number of discharges from the high frequency bursts caused 
by chemical poisoning or grave mechanical injury. Firstly, in convulsive bursts 
the frequency of firing reaches a peak sometime after firing commences and a 
frequency plateau may be maintained for some time (3); in the repetitive 
trains the rate is almost invariably highest at the beginning and declines 
smoothly thereafter. Secondly, the convulsive bursts consist of from 10 to 
80 spikes, while, among several thousand units observed, we have never seen a 
stable repetitive response with more than 8 spikes. A distinction between a 
stable repetitive train and an injury burst is usually readily made. The bursts 
are of variable duration, long trains occur spontaneously, the spike amplitudes 
deteriorate rapidly. It seems to us justifiable to conclude on the basis of the 
spike amplitude measurements alone that repetitive trains which are stable 
for a matter of hours can hardly be characteristic of a unit which has been 
damaged to any considerable degree. 

If repetitive trains are assumed to be normal events, the mechanism of their 
arousal may be considered. There are two ways in which a peripheral stimulus 
might be assumed to cause a thalamic unit to fire a repetitive train. Thus, a 
transient peripheral stimulus may evoke a high frequency train in a cutaneous 
afferent fiber and this pattern could be impressed across the successive synaptic 


_telays of the somatic afferent system. Adrian, Cattell and Hoagland (2), Gray 


and Malcolm (10, 11) and Gray and Matthews (12) are all agreed that an end- 
organ can discharge a high frequency train in response to a single peripheral 
stimulus, if that stimulus is intense enough. 

On the other hand, there is little doubt that a thalamic unit may fire a 
repetitive train (as may a single unit of the dorsal column nuclei) if a number 
of peripheral fibers are nearly simultaneously excited, even though each fiber 
discharges but once. That this must be so can be asserted since an electrical 
pulse as short as 20 to 40 usec. in duration evokes such trains. If it can be as- 
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sumed that our short electrical pulses were usually setting up but one impulse 
in each peripheral fiber it appears that a repetitive response of neurons at at 
least the first synaptic relay of the somatic afferent system is quite commonly 


the result of the convergence upon them of impulses in a group of presynaptic 
fibers. 


2. The excitatory process leading to a repetitive train 


Considering the time characteristics of the repetitive trains it appears sim- 
plest to assume that a train of spikes is not due to a number of excitations 
independent of each other, and each producing one spike of the train but that 
it results from one relatively long lasting excitatory process, the character- 
istics of which are presumably determined by the number and timing of the 
arriving presynaptic impulses. Whether such a process is actually oscillatory 
in nature or whether its amplitude declines smoothly after its peak has been 
reached may be left an open question. In any case some characteristics of this 
process can be assessed from the data presented. Thus, it appears that the 
supraliminal duration of the excitatory process (from the time the unit starts 
to fire until the time of the last discharge) varies in trains with different num- 
bers of spikes, but tends to be almost a constant value for trains with the same 
number of spikes regardless of how such trains are evoked. To be certain, an 
effect on the intervals between the spikes in trains of the same length may be 
demonstrable when the strength of the stimulus varies. This effect, however, is 
small (page 254) and does not materially qualify the conclusion that a rather 
precise relation seems to exist between the number of spikes in a train and the 
time it takes to discharge them. The mean supraliminal duration of the 
excitatory process is about 2 msec. for 2-spike trains and reaches a value of 9 
to 10 msec. for 7-spike responses. 

Since the number of spikes in a train appears to be essentially a function 
of the supraliminal duration of the excitatory process, and since the initial 
frequency of the discharges is the higher the larger the number of spikes in a 
train, it seems right to conjecture that the supraliminal duration of the 
excitatory process is in turn some function of its magnitude. 

The data indicate that regardless of the magnitude of the excitatory process 
a unit which fired will not discharge again in a time substantially shorter than 
0.9 msec. Thereafter, the response time of a unit is presumably a function of 
the existing magnitude of the excitatory process, which declines as firing 
progresses. This relation is such that unless a unit fires again in a time shorter 
than 2 to 3 msec. after its last discharge, the probability of its firing again 
decreases rapidly and is only very small when 4 msec. have elapsed without a 
discharge. 

Some information concerning the early stage of the excitatory process (until 
the unit starts to fire) is also available. It has been pointed out (p. 266) that 
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at a given stimulus intensity the latent period to the first spike is slightly 
shorter for trains with a larger number of spikes than for trains in which this 
number is smaller. Since the magnitude of this effect is small one can presume 
that the slope of the ascending limb of the excitatory process is similar for 
responses to stimuli of the same intensity even though the supraliminal dura- 
tion of the process may vary. On the other hand, it can be shown that the 
time which elapses between the beginning of the presynaptic wave and the 
time of the first discharge can be very much longer at threshold than when 
strong stimuli are applied (p. 264). This implies that the slope of the excitatory 
process until the time the unit starts to fire either varies with the stimulus 
intensity, or that an intervening event leading to the excitatory process takes 
a much longer time at threshold than it does when the stimuli are strong. 


3. The effect of stimulus intensity on the unitary discharges 


It has been shown that variations in stimulus intensity can affect (1) the 
modal value of the repetitive train, (2) the latency to the first spike, and (3) 
the interval between the spikes in trains of the same length. The last effect was 
already mentioned in a different connection and need not be discussed further 
since its magnitude is small. 

By far the most common occurrence is an increase of the modal value of the 
discharge and a shortening of the latent period to the first spike when the 
strength of the stimulus is increased. However, only one or the other of these 
effects can be demonstrated for some units, and for a few neither the modal 
value of the discharge nor the latency to the first spike is affected by wide 
variations of stimulus intensity. Lastly, for a small number of units strong 
stimuli can be shown to cause the unit to discharge shorter trains of spikes 
than do weak stimuli. Whether this last finding is indicative of some kind of 
inhibition must be left an open question. It is of interest, however, that these 
findings are similar to observations upon some auditory units in the medial 
geniculate body (8). 

Since for most units the modal value of the discharge is so obviously de- 
pendent on stimulus strength it is reasonable to ask what réle the number of 
spikes in a response may play in the transmission of information concerning the 
strength of the peripheral stimulus. 

If it can be concluded that the number of spikes in a repetitive train is the 
result of one excitatory process, then this process in turn must be some func- 
tion of the temporal and spatial pattern of the presynaptic impulses which 
reach the cell. Hence the number of spikes in any train should be a function 
of that fraction of all impulses evoked by a peripheral stimulus which are 
capable of evoking discharges in neurons actually impinging upon a given 
thalamic unit. 

It would be a reasonable expectation that any change in the pattern of the 
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stimulated peripheral fibers should result in a change in the number of spikes 
in a thalamic response, provided that the unit is so cqnnected anatomically 
that the number and timing of arriving impulses do actually change. 

Since the number of spikes in a train seems to vary in principle according 
to this expectation (it will be recalled that the number of spikes in a train can 
be affected by varying stimulus strength, its rate and its location within the 
receptive field) it seems fair to invoke the anatomical consideration whenever 
this is not the case. If this argument is valid the relation of stimulus strength 
to the number of spikes in a train can be formulated as follows. Although the 
number of spikes in a’train is not invariably dependent on the strength of 
the peripheral stimulus, an increase of the modal value of the train with in- 
creased stimulus strength is (as it could be expected to be) the usual occurrence 
in most units. This implies that a knowledge of the distribution and the 
lengths of the repetitive trains occurring simultaneously in a battery of neigh- 
boring units could be adequate for determining the strength of a transient 
peripheral stimulus and possibly also of its location and sweep. 

~~ The latency to the first spike reveals several relationships to the strength 
of the peripheral stimulus. Firstly, the mean latency usually shortens and never 
lengthens when the stimulus becomes stronger. The maximal shortening (as 
compared with latencies at threshold) is different in different units and ranges 
from a few tenths of a millisecond to 10.7 msec. in our material. Thus, a strong 
stimulus will usually cause a discharge in the thalamus earlier, often very much 
earlier, than a stimulus at threshold. 

Secondly, when a shortening of the latency takes place the mean latency at 
supramaximal stimulus strength commonly has a markedly smaller dispersion 
than it does at threshold. Thus a strong stimulus fixes a response much more 
closely in time than does a weak one. 

Finally, it is apparent that units located in the same skin region (forepaw 
units in Table IV) display mean latencies confined within a narrower range 
when strong stimuli are applied than is the case when they discharge at thresh- 
old. Thus, a strong stimulus causes a more synchronized discharge pattern in a 
number of neighboring units than can be achieved by a threshold stimulus. 
This last fact is of special interest if one assumes that it is the discharge pat- 
tern in a group of units rather than a firing of a single unit which is crucial 
for an analysis of the characteristics of the peripheral stimulus. 

The mechanism by which the latency to the first spike is actually shortened 
may be briefly commented upon. It is frequently assumed that the shortening 
of latency in polysynaptic systems, which occurs with increasing stimulus 
strength, results from a direct transfer of impulses which, with weak stimuli, 
are channeled through interneuronal circuits. While this might be the case it is 
pertinent to point out that such an assumption is unnecessary. 
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It has already been said that the time which elapses between the beginning 
of the presynaptic complex and the discharge of the spike may be longer at 
threshold than when stimuli are strong. In some units this difference amounts 
to more than 3 msec. If it be conceded that the presynaptic complex is in 
causal relation to the spike which follows it, it can be concluded that a delay 
of about 3 msec. may be introduced at one synapse by varying stimulus 
strength. If one grants the synaptic region below the thalamus the same 
property, it would follow that a shortening of the latent period by about 6 
to 7 msec. does not require any greater number of synaptic relays than the 
minimal number which is known_to exist within the sensory pathway investi- 
gated. It is of interest that in our sample of 33 units (Table IV) only one 
showed a shortening of the latent period substantially exceeding this value. 


4. The amplitude of spikes 


The measurements of spike amplitude indicate that all the spikes in a popu- 
lation of single spike responses are nearly of the same height. The data are 
compatible with the idea that the sizes of the potentials actually discharged 
may be almost constant. In any case, oscillations around the mean value must 
be small indeed, since even if one attributes the entire dispersion observed 
experimentally to such oscillations the coefficient of variation is often smaller 
than 3 per cent. 

On the other hand, the spikes of a repetitive train are unequal in height. 
Typically the first spike is the largest and the second displays the maximal 
reduction of the amplitude. If a train has more than two spikes there is usually 
a gradual recovery of the amplitude which reaches a maximum with the last 
discharge. 

Since the maximal reduction of the spike size is often quite small and since 
it varies greatly from unit to unit it seems questionable to attribute it to the 
refractoriness of the unit unless one is willing to assume that the refractoriness 
of different units may be very different. A local depolarization, similar to that 
observed by Katz (16) in sensory terminals is perhaps a more satisfactory 
explanation for the observed amplitude differentials. Whether, however, the 
apparent differences in the magnitude of such a process in different units 
depend on different sites of the recording or whether they result from different 
degrees of local injury inflicted by the electrode must be left an open question. 


SUMMARY 


Discharges of single units in response to short natural stimuli or electrical 
pulses of short duration delivered to the skin were studied in the ventrobasal 
complex of the thalamus (tactile thalamic region) of deeply anesthetized cats 
by means of extracellularly placed microelectrodes. 
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1. The usual response to a single natural or electrical stimulus is a repetitive 
discharge of the same unit. The criteria used to recognize the discharges in a 
train as discharges of the same unit are summarized on p. 247. 

2. If repetitive trains are evoked by supraliminal stimuli (delivered at a 
rate which excludes an influence of one response upon the other) the number 
of spikes per response tends to oscillate only within narrow limits. The number 
of spikes per response which occurs most frequently under such conditions is 
termed the mode or the modal value of a repetitive train. It is shown that the 
number of spikes per response does not differ in about 90 per cent of all re- 
sponses by more than + one spike from the mode, even though the modal 
number may vary from | to 7. 

3. The modal value of a repetitive train is highly sensitive to the character- 
istics of the stimulus. For most units the strength of the stimulus, its rate, and 
the locus of its application affect the modal value of the repetitive train. 

4. The relation of unitary discharges to the strength of the peripheral stimu- 
ulus is described. An increase in stimulus strength may cause an increase, no 
change, or an actual decrease of the number of spikes in a train. An increase of 
the modal number by one or more spikes is the usual occurrence for most 
units. The latency to the first spike commonly shortens progressively and often 
considerably asvompared to the latency at threshold. When the latency short- 
ens, the mean latencies at stronger stimulus intensities have a smaller dispersion 
than the mean latencies at threshold strength. 

5. The measurements of intervals between the spikes in repetitive trains 
are presented. It is shown that almost every unit starts to fire at a rate which 
is higher the larger the number of spikes in the train. This frequency declines 
in a characteristic manner as the firing progresses and the unit usually ceases 
to fire when the frequency drops to about 500/sec. Evidence is presented that a 
unit which has fired does not discharge again in a time substantially shorter 
than 0.9 msec., and that no unit is likely to fire again if 4 msec. elapse without 
a discharge. The last intervals between the spikes (and those next to the last, 
etc.) are on the average of almost the same duration in trains of different 
length. 

6. The amplitude of the spikes is analysed. It is shown in single-spike re- 
sponses that the spike height oscillates only a little around a central value. 
The coefficient of variation is usually about 3 per cent. 

The size of the spikes in a repetitive train is characteristically not equal. 
The first spike is the largest, the second usually the smallest in each train, 
whereas the third and the following spikes recover in amplitude, the last dis- 
charge approaching most closely the amplitude of the first spike. 

7. Some responses associated with the unitary discharges are described. 
Three deflections are recognized as signs of separate events. The deflections 
are termed: the presynaptic complex, the prepotential and the negative wave. 
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8. On the basis of the data presented it is concluded that a repetitive train 
of a single unit within the ventrobasal complex of the thalamus is a typical 
response to a single peripheral stimulus. The mechanisms which can arouse a 
thalamic repetitive train are considered and some characteristics of the excita- 
tory process which leads to a repetitive train are discussed. It is concluded that 
a repetitive train is not due to successive and separate excitations but results 
from one relatively long lasting excitatory process, the magnitude and duration 
of which is a function of the number and temporal relations of the presynaptic 
impulses which arrive at a cell. 

An interpretation is suggested as to the réle which the numbers of spikes in 
repetitive trains and the latencies to the first spike may play in relaying 
information regarding the characteristics of the peripheral stimulus. 
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BOOK REVIEWS 


(These reviews represent the individual opinions of the reviewers and not 
necessarily those of the members of the Editorial Board of the Bulletin) 


Lehrbuch der Gyniikologie, 3rd edition. By Hernricu Martivs. 414 pp., Ganzleinen DM 
49.80 Georg Thieme Verlag, Stuttgart, Germany. 

The author of this text-book, one of Germany’s leading gynecologists and obstetricians, 
is certainly one of the most prolific of medical text-book authors, and all his products are 
good. In addition to the present text-book on gynecology, he has published one on operative 
gynecology, one on obstetrics and one on operative obstetrics. Moreover, as he explains in 
his foreword to the present work, he published a smaller volume in 1950 on the fundamentals 
of gynecology (Grundlagen der Gyniikologie) which at that time he designated as a gyne- 
cologic “‘propadeutic”, a word with which the present reviewer enriched his own vocabulary 
at that time. This small propadeutic (defined by Webster as introductory or preparatory) 
volume of 129 pages dealt with such things as anatomy, physiology and methods of gyneco- 
logic examination, purportedly because the author feared that their inclusion in the Lehr- 
buch would make the latter unwieldy. Since the text-book contains less than 400 pages such 
a segregation of material seems both unnecessary and undesirable. 

The present edition is the third since 1946, and this would indicate that the book has 
retained considerable popularity. The subject matter is divided into 11 chapters, the first 
of which, it is to be suspected, will not excite much enthusiasm among American readers. 
It deals with disturbances of function. Martius makes free use of the colored chart or schema 
popularized by Schréder in illustrating menstrual disorders. He apparently accepts basal 
temperature curves as reliable, with no mention of the limitations of this method, and ap- 
pears to be at least slightly archaic in his discussion of juvenile and other functional bleed- 
ing, including such therapeutic agents as ergot and hydrastis preparations, liquidrast 
(whatever that may be) and also advocating the application in some cases of carbolic acid 
or 20 per cent formalin to the endometrium. On the other hand, he is opposed to the estrogen 
therapy which many in this country think the most frequently effective. For climacteric 
bleeding he prefers irradiation to hysterectomy and makes no mention of the supposed late 
cancer hazard which some, but certainly not all, of our own gynecologists think that this 
plan entails. 
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In Chapter 2 the author considers pathologic retrogressive changes and hypertrophies 
and, for no reason that is apparent, includes in this chapter such subjects as endometriosis 
and polyps. Chapter 3 deals with genital pain, Chapter 4 with displacements, and then 
follows Chapter 5 on tumors. The reader will naturally be interested in the German view- 
point on various types of gynecologic cancer. The author’s views on the treatment of cervical 
cancer agree in the main with those of the great majority of our own gynecologists, viz. 
radical operation in the early group limited to the cervix, irradiation for others. In the 
matter of diagnosis, cytology is endorsed as an adjunct, but more stress is put on colposcopy, 
which none of our own clinics employ. Surface carcinoma, which is the designation applied 
to the lesion here generally called carcinoma-in-situ, receives only a brief discussion. In its 
treatment Martius appears to be partial to amputation of the cervix, with serial microscopic 
study and radical operation if invasiveness is found. Incidentally, some of our own best 
gynecologists often use this plan instead of proceeding at once with hysterectomy, as others 
are inclined to do. In discussing endometrial cancer Martius makes no mention of the pre- 
operative irradiation advocated in most of our clinics before hysterectomy. One of the best 
sections in this long chapter is that dealing with ovarian tumors, which are well discussed 
and beautifully illustrated. 

The remaining chapters, on inflammations (Chapter 6), injuries and anomalies (Chapter 
7), sterility and contraception (Chapter 8), gynecologic urology (Chapter 9) and gynecologic 
orthopedics (Chapter 10) are all adequate, and space will not permit any detailed comment. 
As in the author’s other publications, the publishers have done a fine job with format and 
paper, and the author has again been fortunate in having the collaboration of such an artist 
as Kathe Droysen. A goodly fraction of the 446 illustrations are in color, and the fact that 
many of them are semi-schematic really enhances their teaching value. The few minor 
faults commented on above do not detract from the general excellence of this book, and, 
while the reviewer has no accurate knowledge on this point, he would suspect that it may 
be the most popular in Germany. On the other hand, for reasons which have probably been 
made plain, the apparently dwindling number of American medical students proficient in 
German would probably consider this book an inadequate substitute for the American 
text-books they are accustomed to study. 

Emit NovAK 


Introduction to Physiological and Pathological Chemistry, 4th edition, 508 pp., $3.75, 
and Introduction to Laboratory Chemistry, 4th edition, 108 pp., $1.50. By L. EARLE 
Arnow. The C. V. Mosby Co., St. Louis, Missouri 

The third edition of this text was adopted by the Johns Hopkins Hospital School of 
Nursing in 1952. The new fourth edition is currently being used despite certain disadvantages 
which became apparent during the 1952-53 term. When carefully supplemented by lecture 
and recitation, this text has proven useful in teaching chemistry to student nurses who have 
had little or no previous work in the subject. 

The material is interestingly presented by an author who has had much experience in 
teaching chemistry in nursing schools. Dr. Arnow tends to oversimplify some material, 
however, and at times almost to the point of being inaccurate. Examples: (1). He differ- 
entiates between strong and weak acids (and also strong and weak alkalies) on the basis of 
how much damage they can cause to tissues. (2). He defines carboxylic acids as hydrocarbon 
residues with a —COOH group substituted for the terminal carbon atom. 

Over 100 illustrations are included, many of which are of questionable value in a text of 
this nature. Pictures of patients suffering with Fréhlich’s syndrome, roentgenograms of bone 
in a case of osteitis fibrosa cystica, and photomicrographs of diseased pancreas have little 
meaning for a student nurse during the preclinical phase of her training. It seems that this 
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space could have been put to better use in a volume which surveys inorganic, organic, and 
physiological chemistry in 508 pages. 

The introduction, by the director of a school of nursing, is a lengthy attempt to convince 
the reader that learning chemistry with an Arnow text is an easy task. Quite aside from the 
question of economy of space, this seems questionable pedagogical technique. 

In the new edition the laboratory manual has been published separately. This is a decided 
improvement over the old format; however, the luxurious hard binding of this part of the 
work is of doubtful advantage. Far more experiments are included than are needed in any 
one course. The manual should fit the needs of most chemistry courses in nursing schools. 

James W. Woops 


Medical History of the Second World War. Surgery. Edited by Sm Zacnary CoPE 
772 pp., 80s. ($11.28) Her Majesty’s Stationery Office, London, England. 

This volume of seven hundred and fifty-four pages contains a very fine review of British 
surgical practice in World War II. It is one of a series of volumes printed by the British 
Government covering the official medical history of the war of 1939-45. It has been ably 
and thoughtfully edited by Sir Zachary Cope who has assembled a group of notable con- 
tributions. These men were leaders in their particular field not only in the Armed Services, 
but also in civilian practice. They include such names as Gordon-Taylor, Whitby, Ross, 
Osmond-Clarke, Gillies, Learmonth, Seddon, and Brock. 

In his preface Cope indicates the purpose of the book when he says “Everyone agrees 
that the results of the surgical treatment of wounds were very much better in the war of 
1939-45, than in any previous war. The many reasons for this improvement will be clear 
to those who study this volume. Shock and sepsis were for the first time brought under 
control and technical advances were made in almost every branch of surgery. . . . It is hoped 
that this will be regarded as an authentic and reliable account of surgical progress in the 
war 1939-45”. In actual fact it is a great deal more than this—it is an account of the de- 
velopment and progress from World War I to the end of World War II as most contributors 
compare these two wars. It therefore records surgical progress from 1915-1945. 

It is not so much an historical account of the surgical work of World War II as a text- 
book of clinical surgical treatment employed during that war and the results so obtained. 
It therefore contains a minimum of dates, facts, and figures, such as would be found in a 
war diary, except as they bear on clinical matters. All surgical specialties are covered in the 
25 chapters of this book. Certain closely related subjects such as anaesthesia, radiology, 
physiotherapy and rehabilitation are included. The last two short chapters on the effects of 
the atomic bomb and prisoner of war camp surgery in Singapore are interesting. 

There is a good introductory chapter by Sir Heneage Ogilvie. He briefly reviews the his- 
tory of war surgery from preChristian times. He notes the effect of certain notable medical 
discoveries over the last 75 years on surgery in general; he points out that World War I 
was a war of trenches whereas World War II was a war of movement, and this fact alone 
profoundly affected the surgery of wounds. Furthermore, as far as Britain was concerned, 
this was a total war, so that civilian and soldier alike became battle casualties. 

The treatment of wounds is discussed by Porritt, Ross, and Gordon-Taylor. They show 
how, as the ebbtide of defeat changed to the flood tide of victory, the treatment of wounds 
changed to suit the altered conditions. The evolution of wound closure is traced from wide 
excision and secondary suture, to delayed primary closure, to primary closure under certain 
suitable conditions, the whole process very profoundly influenced by chemotherapy and 
antibiotics. Sound surgical principles are enumerated and the student of traumatic surgery 
would do well to read this chapter. 

There are certain outstanding chapters. Gordon-Taylor has written a classic account of 
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abdominal wounds and thoraco-abdominal injuries. He displays a personal knowledge of 
the surgeons whose figures he quotes. Indeed, in this lies the one criticism which might be 
levelled at this chapter—viz. it is too personal. From a clinical viewpoint, it represents an 
authoritative treatise on the management of all such injuries. 

Another excellent chapter is that of Cope on shock and resuscitation, which fits in well 
with the chapter by Whitby on the work of the Army Blood Transfusion Service. The latter 
reproduces a remarkable balance sheet, which shows that three-quarters of a million donors 
were bled by this service over 6 years, to provide blood and plasma for the European war. 
Cope also writes on the treatment of burns of all types; this is a very interesting review of 
burns treatment over the past thirty years. 

Thoracic surgery has been well covered by Brock, d’Abreu and Collis. The most interest- 
ing subject in this chapter is the treatment of traumatic haemothorax, with the free use of 
open thoracotomy, and by decortication when indicated. Blast injury, a relatively new 
subject, is discussed by Cope and Gordon-Taylor. The crush syndrome, another new entity, 
is briefly recorded by McMichael and Bywaters. 

There is a long chapter of 90 pages on spinal cord injuries by Guttmann. In all, 570 para- 
plegic patients are reviewed of which 351 were spinal injuries of World War II. In the latter 
there was a mortality of 9.3 per cent. It is an excellent account of this subject, amounting 
to a monograph. It seemed rather too long and detailed for a book of this type. 

The chief fault from which this book suffers is one inherent in any book written by several 
authors—viz. that of repetition. The same thing tends to be said several times in different 
ways in different chapters. However, there is some advantage in this in that the reader can 
peruse any chapter separately and get a comprehensive review of the subject with which 
it deals. This book may be recommended to any surgeon, whether he be a veteran wishing to 
refresh his memory of his war experiences or a clinician wishing to read an authoritative 
account of orthodox treatment of wounds of all types. It is more than just a history—it is 
a very readable text-book. 

Eric M. NANSON 


Connective Tissues. Transactions of the Fourth Conference, Feb. 18-20, 1953. Edited by 
CHARLES RaGaNn. 197 pp., $3.75. The Josiah Macy, Jr. Foundation, New York. 

The transactions of this fourth conference on connective tissues continue, in the same 
fashion as the previous volumes, to be informative and at the same time as entertaining as 
any scientific reporting to be found. The first section is an attempt to take stock of areas 
in which agreement had been reached by this group of participants in the previous con- 
ferences, and the last section is an all too brief discussion of major problems still to be solved 
in the study of connective tissues. Although the other portions of the book are valuable and 
instructive, these two present material of considerable importance, and might well have 
constituted a firmly stated point of departure for the entire conference discussion. This 
reviewer feels that failure to follow these leads imparted some weakness to the present 
volume. 

The paper of Dr. Fell, in which she reviews her beautiful work on organ cultures of em- 
bryonic bone rudiments and demonstrates the astonishing effects of vitamin A on these 
explants, is a real contribution to basic studies of connective tissues. 

Ninety-three of the 197 pages of the conference are devoted to an excellent discussion of 
the structure and function of striated myofibrils centered around the presentation by Dr. 
Hass of interesting studies of myofilaments and their properties. This section is very profit- 
able reading, and it is to be hoped that future students of muscle will not overlook this valua- 
ble discussion simply because of its publication in a volume on connective tissues. It is 
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obvious that this topic in itself might well be the subject of a conference series, but aside 
from the great competence of these participants, the reasons for its inclusion in this volume 
are not immediately apparent, particularly when so many problems concerned directly with 
connective tissues need further discussion. 

R. L. Bacon 
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